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Abstract

Background: Embryonic gene Cripto-1 (CR-1) is not detected or expressed at low levels in
normal adult tissues, however, is re-expressed in numerous tumors, including hepatocellular
carcinoma (HCC) and CR-1 transgene overexpression led to mammary epithelial hyperplasia
and adenocarcinoma, which prompted us to investigate whether hepatocyte-specific
overexpression of CR-1 in transgenic mice can initiate hepatocarcinogenesis.
Methods: Semi-quantitative RT-PCR, qRT-PCR, Western blotting or immunohistochemical
staining were employed to detected CR-1 mRNA transcript or CR-1 expression in HCC tissue
specimens. Combined use of CR-1 transgenic mice, microarray, 2/3 partial hepatectomy
(PHx), and TCGA and GEO database examined the functions of CR-1 in initiate hepatocelluar
carcinogenesis.
Results: Here we firstly provided the direct evidence that a truncated 1.7-kb mRNA
transcript from CR-1 geneis dominantly expressed in HCC specimens, suggesting the
importance of short CR-1 mRNA form in HCC progression.We found that CR-1 is frequently
upregulated in HCC specimens. Hepatocyte-specific overexpression of CR-1 in transgenic
mice promoted hepatocyte proliferationafter 2/3 PHx, CR-1 positively regulated HCC cell
proliferation and invasion in vitro, and CR-1 overexpression promoted tumour growth of HCC
cells in nude mice. In this study, we demonstrated that CR-1 transgenic overexpression in
transgenic liver abnormally activated downstream pathways (i.e., AKT, Wnt/-catenin, Stat3,
MAPK/ERK, JNK, TGF- and Notch) and led to the deregulated expression profile of genes,
including up-regulated genes (i.e., CD5L, S100A8, S100A9, Timd4, Orm2, Orm3, Saa1, Saa3,
Itih3, Itih4, Ly6e, IGHG1, IGHG2B and Vnn3) and down-regulated genes (i.e.,PDK4, DMBT1,
G0S2, Plk2, Plk3, Gsta1 and Gsta2), all of which are key regulators of cellular proliferation,
inflammation response, cellular malignant transformation, hepatocarcinogenesis or HCC
progression, however, there were no histological signs of precancerous lesions, hepatocyte
dysplasia and HCC formation in livers samples from 3-, 6- or 8-month-old RCLG/Alb-Cre
transgenic mice, suggesting that the constitutive expression of CR-1 alone is not sufficient to
promote hepatocarcinogenesis, unless other factors, i.e., a second hit, is present.
Conclusions: Taken together, we provide the first in vivo genetic evidence that CR-1
overexpression in transgenic mouse liver promotes hepatocyte proliferation after 2/3 PHx,
and causes the deregulated molecular alterations involved in HCC oncogenesis, however,
these abnormally molecular alterations are not sufficient to initiate hepatocarcinogenesis in
mice.
Keywords: Cripto-1 (CR-1), hepatocellular carcinoma (HCC), transgenic mice,
hepatocarcinogenesis
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Background

Hepatocellular carcinoma (HCC) is one of the most common cancer types worldwide with an

extremely poor prognosis[1]. Among the primary liver cancers, HCC represents the major

histological subtype, accounting for 70-85% of the total cases[1]. The 5-year postoperative

recurrence rate for this disease is greater than 60%, and the median 5-year survival rates

after repeat hepatectomy, ablation and transarterial chemoembolization (TACE) were 35.2,

48.3 and 15.5 percent, respectively[2, 3]. HCC results from a combination of environmental

factors such as cytotoxic and DNA-damaging chemicals, hepatitis B virus (HBV) infection and

the accumulation of generalized and specific genetic alterations[4-11]. Although there is

mounting evidence that the abnormal alterations of some signal pathways, such as

Wnt/β-catenin, PI3K/AKT/GSK-3, MAPK/ERK, TGFß/BMP, mTOR and Stat3, and genes, such

as HBx, p53, c-Myc, p16INK4A, K-Ras, APC, BRCA2, CDK2, cyclin E1, cyclin D, cyclin A and p38,

can initiate HCC in mice [6, 8-10, 12-19], the molecular pathogenesis of HCC is still under

intense investigation.

Cripto-1 (CR-1) is a member of the epidermal growth factor (EGF)-Cripto-1/fibroblast growth

factor related ligand (FRL1)/Criptic (EGF-CFC) protein family, which contains an EGF-like

domain and a cysteine-rich region called the Cripto-1/FRL1/Cryptic (CFC) domain (Cripto-1 in

humans, FRL1 in Xenopus, and Cryptic in mice)[20-26]. CR-1 gene is a key player in this

complex scenario[20-27]. CR-1 is identified to exert essential biological functions during

embryogenesis, and is considered a marker of undifferentiated embryonic stem cells[20-26].

It is indispensable in coordinating primitive streak formation, mesoderm and endoderm

specification as well as anterior and posterior (A/P) axis orientation[27-31]. CR-1 is not

detected or expressed at low levels in normal adult tissues[20-27], but is re-expressed at a

high frequency in a number of different types of human carcinomas, such as lung, breast,

colon, and stomach cancers, and nasopharyngeal carcinoma[21, 24, 32-37]. Emerging

evidence has clearly demonstrated that the inappropriate activation of embryonic regulatory

genes such as Oct4 contributes to cell malignant transformation and oncogenes is in adult

tissues[38-40]. Like Oct4, another example of such a case is the embryonic gene CR-1. CR-1

transgene overexpression in MMTV-CR-1 or WAP-CR-1 transgenic mouse mammary gland



caused mammary hyperplasia and adenocarcinoma[26, 41], and the development of

leiomyosarcoma of the uterus in MMTV-CR-1 transgenic mice[42]. CR-1 exerts its

pro-tumorigenic influences on colorectal cancer[43], breast cancer[44], melanoma[45],

esophageal squamous cell carcinoma[46], cervical carcinoma[47] and nasopharyngeal

carcinoma[35], suggesting the oncogenic roles of CR-1. Therefore, CR-1 is a multifunctional

modulator involved in embryogenesis, oncogenesis and cancer progression[20-27].

Of note, several lines of evidence have indicated that CR-1 is associated with HCC

progression[48-50].Elevated expression of CR-1 contributes to aggressiveness and poor

prognosis of HCC, and CR-1/AFP expression could be a potential prognostic biomarker for

survival in HCC patients[49]. The serum CR-1 level was significantly higher in patients with

cirrhosis, chronic hepatitis or HCC than volunteer controls and it was also significantly higher

in HBV-related HCC than HCV-related HCC[50]. CR-1 positively regulated the proliferation,

tumorigenicity, migration, invasion and chemoresistance of HCC cells[48]. In addition, CR-1

contributes to stemness in HCC by stabilizing Dishevelled-3 and activating Wnt/β-catenin

pathway[48]. Together, the aforementioned findings indicate that CR-1 exerts its

pro-tumorigenic influences on HCC. However, a direct evidence that CR-1 as oncogene can

also initiate hepatocarcinogenesis is not obtained experimentally in transgenic mice.

Given that the enforced expression of CR-1 transgene in transgenic mouse mammary gland

caused mammary hyperplasia and adenocarcinoma[41, 42], and CR-1 exerts its

pro-tumorigenic effects on HCC[48-50], the present study aimed to investigate whether

hepatocyte-specific overexpression of CR-1 in transgenic mice can initiate

hepatocarcinogenesis.

Materials and Methods

Cell lines and cell culture

The human HCC cell lines, BEL-7402 and HepG2, were purchased from the Cell Bank of the

Chinese Academy of Sciences (Shanghai, China). HEK293T cells were obtained from the



American Type Culture Collection (ATCC). These cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) (high glucose) supplemented with 10% fetal bovine serum (FBS),

1% non-essential amino acids (NEAA), 1 mM L-glutamine and 1 mM sodium pyruvate in a

humidified incubator with 5% CO2 at 37℃.

Clinical specimens

Fresh primary HCC specimens and tumor-adjacent noncancerous tissues of the HCC were

collected from Sun Yat-sen Memorial Hospital, Sun Yat-sen University (Guangzhou, China)

with informed consent under institutional review board-approved protocols. The inclusion

criteria of HCC cases were based on (1) a clear pathological diagnosis of HCC, (2) no

anticancer treatment before surgery. Total RNA was extracted from the fresh-frozen

specimens, and used for RT-PCR and qRT-PCR analysis, while total protein extracted from

these fresh-frozen samples was employed in Western blot analysis. The formalin-fixed

paraffin-embedded HCC samples were prepared from the above-mentioned fresh-frozen

specimens by us. Ethical approval was given by the Medical Ethics Committee of Southern

Medical University.

Total RNA isolation, reverse transcription, RT-PCR and quantitative real-time

PCR (qRT-PCR)

Total RNA isolation, reverse transcription, RT-PCR and qRT-PCR were performed as previously

described[3, 27, 51-59]. For RT-PCR analysis, CR-1-specific oligo nucleotide primer

sequences were chosen to amplify two distinct regions according to the CR-1 cDNA

sequence[60, 61]. The oligo nucleotide primers are: UN-A forward primer (nucleotides

375–398) ： 5’-ACCTGGCCTTCAGAGATGACAGCA-3’, UN-B reverse primer (nucleotides

656–680): 5’-ATGCCTGAGGAAAGCAGCGGAGCT-3’ and UN-D forward primer (nucleotides

248–266): 5’-AAAGCTATGGACTGCAGGA-3’ (Fig. 1A). The primer couples UN-D/UN-B and

UN-A/UN-B yield PCR products of 432bp and 305bp, respectively (Fig. 1A). GAPDH was used

as a control, and the primers used for the amplification of GAPDH gene are listed in Table S1.

The primers used in qRT-PCR assays were listed in Table S2 and Table S3. GAPDH was used



as an endogenous control. All samples were normalized to internal controls and fold changes

were calculated through relative quantification (2-△△Ct).
Western blot analysis

Western blot were performed as previously described[3, 27, 51-59]. The blots were probed

with the indicated primary antibodies, followed by HRP (horseradish peroxidase)-labeled

secondary antibodies. The hybridization signal was detected using enhanced

chemiluminescence (ECL). GAPDH or  -actin was used as a loading control. The primary

antibodies used in this study were shown in Table S4.

Histological analysis and immunohistochemistry (IHC)

Histological analysis and immunohistochemical staining were performed as previously

described[3, 27, 51-59]. The antibodies and conditions used are summarized in the Table S4.

Lentivirus production and transduction

Human CR-1 lentiviral shRNA vector (designated pLV-shCR-1) and the empty lentiviral vector

expressing scrambled shRNA (designated pLV-shSCR), and lentiviral CR-1 expression vector

(designated pLV-CR-1) and its empty lentiviral vector (designated pLV-con) were generously

provided by Prof. Peter C. Gray (The Salk Institute for Biological Studies, USA.)[62]. The

lentiviral packaging plasmids psPAX2 and pMD2.G were kindly provided by Dr. Didier Trono

(University of Geneva, Geneva, Switzerland). To generate stable cell lines, recombinant

lentiviruses (namely LV-con, LV-CR-1, LV-shSCR and LV-shCR-1) were generated as

previously described[56, 63], and subsequently used to infect BEL-7402 and HepG2 cells.

Colony formation assay

Colony formation assay were performed as previously described[3, 55].

Transwell migration assay and Boyden invasion assay

Transwell migration assay and Boyden invasion assay were performed as described

previously[3, 55, 58].



Tumor xenograft in nude mice

Female BALB/c nude mice aged 3 to 4 weeks were purchased from the Medical Laboratory

Animal Center of Guangdong Province. Vector- or CR-1-expressing BEL-7402 cells (1×106

cells) were subcutaneously injected into the left or right dorsal thigh of mice (n=7),

respectively. The tumor volumes were measured every 2 days using a caliper slide rule.

Tumor volumes were calculated as follows: volume=(D×d2)/2, where D meant the longest

diameter and d meant the shortest diameter. On day 20 after cancer cell implantation, mice

were sacrificed, and tumors were dissected, weighed and fixed overnight in 4%

paraformaldehyde, dehydrated, paraffin-embedded, sectioned. The animal experiments were

carried out in strict accordance with the recommendations in the Guide for the Care and Use

of Laboratory Animals of the Southern Medical University. The animal protocol was approved

by the Committee on Ethics of Animal Experiments of the Southern Medical University. All

surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to

minimize suffering of animals.

Production of the RCLG transgenic mice

The pCI-cripto-1[64] and pCAG-RLG[65, 66] vectors were generously provided by Dr. David S.

Salomon (Center for Cancer Research, National Cancer Institute, USA) and Prof. Manuela

Martins-Green (University of California, USA), respectively. A 600 bp fragment containing the

Cripto-1 cDNA was amplified from the pCI-cripto-1 plasmid using PCR[64], after which the

cDNA was then cloned into the Sma I site of the pCAG-RLG[65, 66] parental vector to

generate the RCLG transgenic construct, which is designated as pCAG-RCLG (Fig. S1A). The

vector was characterized molecularly by PCR, enzyme digestion analysis and DNA sequencing

(data not shown).

RCLG transgenic mice were generated by microinjecting DNA into the pronuclei of fertilized

embryos using standard techniques that have previously been described[67]. The FVB/N

strain was used as the source of embryos for micromanipulation and the subsequent

breeding trials. All of the transgenic lines were created on the FVB/N genetic background. For

the microinjection, the 9.436 kb fragment of RCLG transgene (Fig. S1A) was released from



the pCAG-RCLG vector backbone by digestion with Ssp I and Sfi I, and was subsequently

isolated and purified using the QIA quick gel extraction kit (Qiagen, Germany). The fragment

was diluted to a final concentration of 2 g/ml in DNA injection buffer (10 mM Tris/0.1 mM

EDTA, pH 7.4) and then microinjected into the pronuclei of fertilized FVB/N embryos. About

20~30 injected eggs were transferred into the oviducts of one pseudopregnant ICR mouse

and developed to term. Two to three days after birth, the offspring were screened to identify

potential RCLG transgenic founders using an mRFP assay by the IVIS LuminaⅡ imaging

system (Xenogen Corp., Alameda, CA, USA). The results of this assay were subsequently

confirmed with PCR-based genotyping.

Whole-animal (in vivo) and organ (ex vivo) fluorescence imaging

The procedure for whole-animal and organ mRFP (monomeric red fluorescent protein)

fluorescence imaging via using stereo fluorescence microscope (Nikon, AZ100) or the

Xenogen IVIS Lumina Ⅱ Imaging System was previously fully described[27, 52, 55, 68-70].

In vivo and ex vivo optical imaging of firefly luciferase (Luc) activity

RCLG mice were crossed to homozygous Alb-Cre mice (B6.Cg-Tg(Alb-cre)21Mgn/J) (obtained

from Model Animal Research Center of Nanjing University) to generate RCLG/Alb-Cre double

transgenic mice, in which Luc expression was activated in liver-restricted pattern, as

determined by the non-invasive in vivo bioluminescence imaging. Bioluminescence was

measured non-invasively using the IVIS Lumina Ⅱ imaging system. The protocols for

whole-animal (in vivo) and dissected organ (ex vivo) bioluminescence imaging to detect Luc

activity by the IVIS system were previously well described[3, 27, 52, 55, 68-70].

Genotype analysis by PCR

PCR was performed on tail genomic DNA to further identify RCLG/Alb-Cre double transgenic

mice. The sequences of the forward primer (FP) and reverse primer (RP) specific for Luc gene

and Cre gene were described in Table S5.

mRNA microarray analysis

http://www.nicemice.cn/en_index.htm


Expression microarray analysis was carried out with commercially available 32K mouse

genome array (Capital Bio Corp., Bejing, China). Total RNA samples were extracted from the

liver of RCLG/Alb-Cre transgenic mice and control mice using TRIzol reagent (TaKaRa). All

the hybridization procedures and data analysis were performed by Capital Bio Corp. (Bejing,

China). Briefly, total RNA was used to synthesize cDNA in an in vitro transcription reaction,

and then cDNA was fluorescently labeled by Cy5-dCTP or Cy3-dCTP (GE Healthcare Cat. No.

PA 55021/PA 53021) with Klenow enzyme. Labeled cDNA was then hybridized to 32K mouse

genome arrays. Hybridization signals were scanned with a Lux-Scan 3.0 scanner (Capital Bio

Corp., Bejing, China). The resultant images were digitized with Lux-Scan 3.0 image analyzer

software (Capital Bio Corp., Bejing, China). The microarray data were deposited in a

database (ArrayExpress, GEO) with accession number GSE64255.

Statistical analysis

The data were presented as mean ± SEM. Statistical analysis was performed using a SPSS

13.0 software package and Graphpad 5.0 software. Two-tailed Student’s t test was used for

comparisons of two independent groups. Values are statistically significant at*P<0.05,

**P<0.01 and #P<0.001.

Results

1. The short form CR-1 mRNA is dominantly expressed in HCC cell lines and

tissue specimens

As shown in Fig. 1A, both the longer 2-kb CR-1 mRNA transcript [i.e., full-length CR-1

(FL-CR-1) mRNA] and the shorter 1.7-kb CR-1 mRNA transcript [i.e., short form CR-1

(SF-CR-1) mRNA] are expressed in mammalian cells and tissues[60, 61]. To determine and

quantify the full-length CR-1 mRNA within the total CR-1 transcript in human HCC cell lines

and HCC clinical tissue specimens, we employed a full length CR-1 specific primer set

(UND/UNB) and total CR-1 primer set (UNA/UNB) that reacts to FL-CR-1 and SF-CR-1 (Fig.

1A), respectively. RT-PCR analysis revealed that six different HCC cell lines (i.e., QGY7701,

HepG2, Hep3B, SK-Hep-1, SNU-182 and SNU-387 cells expressed both a complete,



full-length 2.0-kb mRNA transcript and a truncated 1.7-kb mRNA transcript from the human

CR-1 gene (Fig. 1B). As indicated in Fig. 1C, semi-quantitative RT-PCR assay displayed that

62% of the total CR-1 transcripts were represented by full-length CR-1 in SK-Hep-1 cells. In

contrast, in HCC cell lines (i.e., QGY7701, HepG2, Hep3B, SNU-182 and SNU-387 cells

full-length CR-1 transcript expression was significantly lower (less than 16%) than SK-Hep-1

cells, suggesting that the majority of CR-1 transcripts represent the SF-CR-1 in QGY7701,

HepG2, Hep3B, SNU-182 and SNU-387 cells (Fig. 1C).

Next, using the RT-PCR assay described above, we analysed 24 pairs of adjacent

non-tumorous liver tissue biopsies and HCC clinical specimens to determine which form of

CR-1 mRNA transcript is expressed. RT-PCR analysis revealed that adjacent non-tumorous

liver tissue biopsies and HCC clinical specimens showed the two bands (corresponding to the

shorter CR-1 mRNA form and the full length CR-1 mRNA form) of the expected size derived

from the longer mRNA species (CR-1) (Fig. 1D, F). Furthermore, the full-length CR-1

transcript expression in HCC tissue specimens (n=18, 75%) and adjacent non-tumorous liver

tissues (n=22, 92%) was significantly lower (less than 20%) (Fig. 1E, G), suggesting that the

majority of CR-1 transcripts represent the SF-CR-1 in the above-mentioned samples.

Collectively, the short form CR-1 mRNA is dominantly expressed in HCC cell lines, adjacent

non-tumorous liver tissues and HCC clinical tissue specimens.

2. CR-1 is frequently upregulated in HCC tissue specimens

To evaluate the potential functions of CR-1 in HCC progression, RT-PCR assay and qRT-PCR

assay were performed to quantify the transcript abundance of CR-1 in freshly collected HCC

tissues and freshly collected non-cancerous liver tissue biopsies. Our results from qualitative

(Fig. 1A) and semi-quantitative (Fig. 2B) RT-PCR assays revealed that the expression of CR-1

mRNA transcripts was markedly upregulated in HCC tissue biopsies, compared with adjacent

non-tumorous liver tissues. Consistent with the data obtained from RT-PCR assay (Fig. 2A, B),

qRT-PCR assay showed that the average CR-1 mRNA expression level was significantly higher

in the HCC specimens than in the non-tumour liver tissues (Fig. 2C). Additionally, TCGA

datasets revealed that the up-regulated expression of CR-1 was observed in HCC tissues as

https://onlinelibrary.wiley.com/doi/full/10.1111/his.12176


compared with adjacent non-tumorous liver tissues (Fig. 2D). Collectively, the RT-PCR

analysis, qRT-PCR analysis TCGA datasets clearly showed that the increased expression of

CR-1 mRNA transcripts was frequently detected in HCC clinical tissue biopsies.

The protein expression levels of CR-1 were further evaluated in additional 9 paired human

HCC specimens, 4 unpaired human HCC specimens and 1 normal liver tissue by Western

blotting (Fig. 2E), confirming the observation that the protein levels of CR-1 was obviously

upregulated in HCC specimens. Moreover, tissue array containing the pairs of HCC samples

was also examined by immunohistochemical staining with a specific antibody against CR-1.

The resulting data showed that CR-1 was significantly overexpressed in HCC specimens as

compared with that of corresponding noncancerous livers (Fig. 2F, G). Therefore, the results

from Western blotting and IHC staining demonstrate that CR-1 upregulation is more

frequently occurred in HCC tissue biopsies than their non-cancerous counterparts.

3. Generation of RCLG transgenic mice

To realize the above-mentioned purposes and attain further insight into the

cell/tissue-specific and/or developmental stage-specific roles of CR-1 in vivo, we want to

produce transgenic mice that could conditionally overexpress human CR-1 transgene

mediated by Cre/lox P system (Fig. S1A). To understand the roles and mechanisms of CR-1 in

oncogenesis, CR-1 transgenic mice, designated as RCLG transgenic mice, were successfully

generated in this study (Fig. S1)[27]. Thus, we gained two founder animals (referred to as

190# and 220#) that expressed strongly mRFP and were normal in phenotype (Fig. S1B). In

general, RCLG transgenic mice were viable and fertile, and manifested no gross behavioral or

phenotypic abnormalities.

We next determined the expression pattern of the mRFP transgene in organs taken from

RCLG transgenic mice. Red fluorescence was detected in tissue/organ samples including

heart, liver, spleen, lung, kidney, brain, testis, intestine, thymus, and pancreas isolated from

the transgenic positive mice, but not in control littermates (Fig. S2). Additionally, the heart,

liver, lung, kidney, brain, testis, intestine, thymus, and pancreas showed strong red



fluorescence, while the spleen demonstrated relatively weaker fluorescence signals (Fig. S2).

In summary, all tissues exhibited mRFP expression, indicating ubiquitous expression of the

transgenic cassette.

Furthermore, the sections of the tissues revealed that most cells of heart, brain, lung, kidney,

liver, stomach, intestine and testis taken from RCLG transgenic mice were positive for mRFP

(Fig. S3). But because some cells did not appear to be RFP positive, this mouse line may not

be useful for studying all tissues or all cell types.

4. Liver-specific overexpression of CR-1 in transgenic mice mediated by Cre/lox

P system

To further determine whether or not CR-1 overexpression can initiate liver oncogenesis, we

crossed heterozygous RCLG transgenic mice with homozygous Alb-Cre mice in which Cre is

under the control of the liver-specific albumin (Alb) promoter[71] to generate RCLG/Alb-Cre

double transgenic mice in which CR-1 and Luc transgene expression was expected to be

activated in liver-restricted manner (Fig. S4A), as determined by the noninvasive in vivo

bioluminescence imaging (Fig. S4B, C, E, F), PCR-based genotyping (Fig. S4D), RT-PCR (Fig.

S4G) and Western blotting (Fig. S4H), respectively. Whole-animal bioluminescence imaging

indicated that Luc activity in the liver of RCLG/Alb-Cre transgenic mice could be detected in

mRFP-positive newborn offspring (Fig. S4B, C) which were confirmed by PCR-based

genotyping (Fig. S4D), and adult mouse (Fig. S4E), suggesting the successful activation of

Luc expression mediated by Alb-Cre. Organ-specific bioluminescence imaging showed that

Luc activity could be assayed in liver (Fig. S4F), but not in other organs obtained from

Luc-positive mouse [genotype: RCLG/Alb-Cre; marked by pound (#); shown in Fig. S4E],

while Luc activity could not be detected in all of organs obtained from Luc-negative mouse

shown in Fig. S4E (data not shown). RT-PCR using RNA extracted from the liver of

Luc-positive and Luc-negative mice exhibited a significant increase in the levels of CR-1

transgene (Fig. S4G), as further verified by Western blotting(Fig. S4H). Summarily, these

data lead us to conclude that liver-specific overexpression of CR-1 transgene in transgenic

mice mediated by Cre/lox P system is realized successfully.



5. Gross morphology, appearance and histopathology of RCLG/Alb-Cre

transgenic livers

To determine the functional consequences of CR-1 transgene overexpression in mouse liver,

comparisons were made between RCLG/Alb-Cre mice and control mice. The enforced

expression of human CR-1 in the liver of RCLG/Alb-Cre mice did not alter the final body

weight (Fig. 3A, B) and liver weight (Fig. 3C) of RCLG/Alb-Cre mice at different ages. No

evident difference in gross morphology and appearance of mice (Fig. 3A) and the

corresponding livers (Fig. 3D) was found between control and RCLG/Alb-Cre mice at the age

of 3, 6 and 8m. Moreover, no notably histopathological changes, such as abnormal liver

structure, a significant increase in the number of mitotichepatocytes, liver cell dysplasia and

subsequent malignant transformation, etc, were observed in the histological images of H&E

staining of liver sections from RCLG/Alb-Cre mice at the age of 3, 6 and 8m, compared with

control littermates (Fig. 3E).There is no significant differences in the percentage of

Ki67-positive nuclei in the hepatocytes between control and RCLG/Alb-Cre mice at the age of

3, 6 and 8m (Fig. 3F). Here, we provide the critical in vivo genetic evidence that the enforced

expression of CR-1 transgene in mouse hepatocytes alone is not sufficient for hepatocyte

hyperplasia, and hepatocellular carcinogenesis in the liver of RCLG/Alb-Cre mice.

6. Increased hepatocyte proliferation in CR-1-overexpressing hepatocytes after

2/3 PHx

To determine if further CR-1 overexpression might enhance liver regeneration, we performed

after 2/3 partial hepatectomy (2/3 PHx) in both RCLG/Alb-Cre mice and littermate controls

(Fig. 3), and liver tissue samples were collected on days 1, 1.5, 2 and 3 after 2/3 PHx. Liver

regeneration was evaluated in the RCLG/Alb-Cre and control mice by using Ki67 staining.

Ki67 immunohistochemistry results demonstrated that in RCLG/Alb-Cre mice, there was

abundant hepatocyte proliferation 1, 1.5, 2 and 3 days after PHx, and this was demonstrated

by the percentage of Ki67-positive nuclei (Fig. 3G, H). Altogether, these data demonstrate

that CR-1 overexpression in mouse liver enhances hepatocyte proliferation after

hepatectomy. Altogether, these data demonstrate that CR-1 overexpression is permissive of

enhanced growth after injury.

http://www.baidu.com/link?url=2fuiwp30h_AyrPhnBlhG_PgoV7mpjyGQjzMYsoPQ2Nnjst0YpL-og5ZyPyRSKkVwDnOIa-WdgO-p6LkpwxAVhSuL7oMKQVzkKsBSkQMDgp7&wd=&eqid=9a714ed80001a0a0000000065d415052
http://www.baidu.com/link?url=2fuiwp30h_AyrPhnBlhG_PgoV7mpjyGQjzMYsoPQ2Nnjst0YpL-og5ZyPyRSKkVwDnOIa-WdgO-p6LkpwxAVhSuL7oMKQVzkKsBSkQMDgp7&wd=&eqid=9a714ed80001a0a0000000065d415052
http://www.baidu.com/link?url=2fuiwp30h_AyrPhnBlhG_PgoV7mpjyGQjzMYsoPQ2Nnjst0YpL-og5ZyPyRSKkVwDnOIa-WdgO-p6LkpwxAVhSuL7oMKQVzkKsBSkQMDgp7&wd=&eqid=9a714ed80001a0a0000000065d415052


7. CR-1 positively regulates HCC cell proliferation, migration and invasion in

vitro

Given that the data (Fig. 2) illustrated that CR-1 is significantly up-regulated in HCC tissue

specimens, we suspected that CR-1 may play an essential role in HCC progression, which

prompted us to perform gain-of-function and loss-of-function experiments to further explore

the effects of CR-1 on HCC cell growth, migration and invasion by colony formation assay,

transwell migration assays and Boyden chamber invasion assays, respectively. The CR-1

transgene was successfully over-expressed in BEL-7402 and HepG2 cells (Fig. 4A), while the

shRNA-CR-1 specifically knocked down endogenous CR-1 protein expression in both

BEL-7402 and HepG2 cells (Fig. 4B). Colony formation assay (Fig. 4C and Fig. S5) revealed

that CR-1 overexpression resulted in significantly increased HCC cell growth. Conversely,

colony formation assays also demonstrated that knockdown of endogenous CR-1 by RNA

interference (RNAi) markedly reduced the proliferation of BEL-7402 and HepG2 cells (Fig. 4C

and Fig. S5). Furthermore, transwell migration assays and Boyden chamber invasion assays

showed that CR-1 overexpression enhanced BEL-7402 and HepG2 cells migration and

invasion (Fig. 4D, E and Fig. S6), while CR-1 silencing by RNAi inhibited HCC cell migration

and invasion (Fig. 4D, E and Fig. S6). Summarily, CR-1 positively modulated HCC cell

proliferation, migration and invasion in vitro.

8. CR-1 overexpression promotes tumour growth of HCC cells in vivo

To further confirm the growth-promoting effects of CR-1 on HCC cells in vivo, the

subcutaneous tumour xenograft experiments were performed in nude mice. Significantly

larger tumors were observed in mice injected with CR-1-overexpressing 7402 cells than in the

mice injected with empty vector-transduced HCC cells (Fig. 4F). The tumor volume (Fig. 4H),

tumor size (Fig. 4G) and tumor weight (Fig. 4I) were significantly larger in tumors induced by

CR-1-expressing cells compared with tumors induced by vector-expressing cells. In addition,

the results of immunohistochemical analysis revealed that tumours formed from the

CR-1-overexpressing cells contained a markedly increased number of

5-bromo-2'-deoxyuridine (BrdU)-positive cells, compared with control (Fig. 4J, K). Taken

together, these findings demonstrate that CR-1 can promote in vivo tumorigenicity of HCC



cells.

9. Altered molecular pathways in the livers of RCLG/Alb-Cre transgenic mice

We next explored the molecular pathway alterations in CR-1-expressing or

shCR-1-expressing HCC cells and in the mouse hepatocytes induced by hepatocyte-specific

overexpression of hCR-1 transgene. We found that AKT, Stat3 and JNK pathways were

activated in CR-1-expressing BEL-7402 and HepG2 cells, as supported by the upregulation of

p-AKT, p-GSK-3 , p-Stat3 and p-JNK (Fig. 5A), while AKT, Stat3 and JNK pathways were

suppressed in shCR-1-expressing BEL-7402 and HepG2 cells, as supported by the

down-regulation of p-AKT, p-GSK-3 , p-Stat3 and p-JNK (Fig. 5A). More importantly, we

revealed that the AKT, Stat3, ERK and JNK pathways were significantly activated in the livers

of RCLG/Alb-Cre transgenic mice, as supported by the notably elevated levels of p-AKT,

p-GSK-3, p-Stat3, p-ERK and p-JNK (Fig. 5B). We also found the increased expression of

-catenin in CR-1-expressing HCC cells (Fig. 5A) and the livers of RCLG/Alb-Cre mice (Fig.

5B), whereas the reduced expression of -catenin was observed in shCR-1-expressing HCC

cells (Fig. 5A). Moreover, qRT-PCR assay showed that the relative mRNA levels of IL-1, IL-6,

Notch1 and TGF-β1 were significantly higher in the liver of RCLG/Alb-Cre mice than that of

control mice (Fig. 5C). Taken together, CR-1 transgene overexpression in mouse liver and

HCC cells significantly activates AKT, Stat3, ERK and JNK pathways, which is closely

associated with hepatocyte proliferation, liver regeneration and hepatocelluar

carcinogenesis.

10. Identification of HCC-related genes deregulated in RCLG/Alb-Cre transgenic

livers by cDNA microarray

As there were no histological signs of precancerous lesions in liver samples from 3-, 6- or

8-month-old RCLG/Alb-Cre transgenic mice with many deregulated downstream pathways

involved in HCC formation, malignant progression and poor prognosis, we next performed

cDNA microarray analysis with RNA isolated from 4-month ‑ old RCLG/Alb-Cre transgenic

non-cancerous livers to represent the early or pre-cancerous phases of gene alterations. Data



analysis resulted in the identification of 211 differentially‑expressed genes in non-cancerouss

liver tissues from RCLG/Alb-Cre transgenic mice; among them, 48 genes were upregulated,

and 163 genes were downregulated (Fig. S7 and Table S6). Among the 211 genes with

remarkable expression changes, 113 deregulated genes (upregulated: 30; downregulated:

83) (Fig. 6A and Table S7) were closely associated with cellular proliferation, apoptosis, liver

regeneration, stress responses, inflammation response, immune escape, defense response,

acute-phase response, cellular malignant transformation, oncogenesis or cancer malignant

progression and poor prognosis. We hypothesized that the genes that were deregulated in

the 4-month‑old liver tissues might reflect the direct effects of CR-1 expression.

To validate the microarray results, qRT-PCR was used to measure the expression of these

selected genes in1-, 3- or 6-month ‑old livers of RCLG/Alb-Cre mice (Fig. 6B, C, D). The

qRT-PCR results (Fig. 6B, C, D) confirmed the expression changes of 15 genes (i.e., Itih3,

CD5L, G0S2, Klk1, Acaa1b, Ly6e, Foxred2, Rnase1, Pdk4, Srebf1, Dmbt1, Orm2, Tff1, Tff2

and Tff3) identified by microarray (Fig. 6A and Table S7). Although there were no histological

signs of precancerous lesions in liver samples from 4-month ‑old RCLG/Alb-Cre transgenic

mice, our aforementioned findings clearly indicate that gene expression and pathway

dysregulation in the liver began in young RCLG/Alb-Cre mice.

Next, we further investigated the clinical roles of some genes selected from differentially

expressed genes (DEGs) shown in Fig. 6A, B, C, D. Two GEO datasets revealed that the

expression of Pdk4, G0S2, Plk2, Plk3 and Tff2 in HCC clinical specimens was significantly

lower than their matched adjacent liver tissues (Fig. 7A, B), and the up-regulated expression

of Srebf1 was observed in HCC tissues as compared with adjacent non-tumorous liver tissues

(Fig. 7B), which is consistent with the expression changes of these genes in RCLG/Alb-Cre

transgenic liver tissues (Fig. 6A, B, C,.D and Table S7). Furthermore, we selected some of the

aforementioned genes dysregulated in RCLG/Alb-Cre transgenic livers (Fig. 6A, B, C, D and

Table S7) to examine their expression profile in a cohort of human HCC clinical specimens by

qRT-PCR. We found that the expressions of selected 6 genes (i.e., Pdk4, G0S2, Plk2, Plk3,

Rnase1 and Klk1) were significantly reduced, and the expressions of selected 2 genes (i.e.,



Tmem176a and Tmem176b) were notably increased in HCC tissues when compared with

matched non tumorous liver tissues (Fig. 7C, D), which is consistent with the expression

changes of these genes in RCLG/Alb-Cre transgenic liver tissues (Fig. 6A, B, C, D and Table

S7). Next, we performed tissue array analysis to compare Pdk4 protein levels between

human HCC clinical specimens and adjacent non-tumorous liver tissues. Our data detected

significantly lower levels of Pdk4 in HCC specimens than in control samples (Fig. 7E, F).

Altogether, the observations that Pdk4 levels are reduced in both RCLG/Alb-Cre transgenic

livers and HCC specimens and that loss of Pdk4 expression promotes proliferation,

tumorigenicity, motility and invasion of HCC cells (our unpublished data) provide strong

evidence that Pdk4 may function as a tumor suppressor in mice and in HCC.

Discussion

As described above, there has a FL-CR-1 mRNA transcript (2-kb) and a truncated 1.7-kb

mRNA transcript from the human CR-1 gene[60, 61]. The results of the RT-PCR assay on RNA

extracted from normal human tissues demonstrated that both the longer 2-kb and the

shorter 1.7-kb CR-1 mRNA transcript forms were expressed in the cells of the lung, kidney,

brain, testis, skeletal muscle, ovary and spleen, whereas the short CR-1 mRNA form was only

present in several normal tissues such as the pancreas, heart, stomach, mammary gland,

liver and placenta in humans[60]. This shorter mRNA is the only CR-1 transcript that is

present in the majority of primary human colorectal carcinomas (7 out of 9 analyzed) and

liver metastases from primary colon tumors (13 out of 14 analyzed)[60]. The results

presented here illustrate for the first time that a truncated 1.7-kb mRNA transcript from the

human CR-1 gene is dominantly expressed in adjacent non-tumorous liver tissues and

primary HCC clinical tissue specimens (Fig. 1). Furthermore, the previous studies have

illustrated that NT2/D1 cells and four different human embryonal carcinoma cell lines were

found to only express FL-CR-1 mRNA transcript, but, in contrast, human colon carcinoma-

and hepatocarcinoma-derived cell lines (i.e., SW480、SW620、LS174T、GEO、CBS、HepG2

and Hep3B) only expressed the truncated form of CR-1 mRNA[60, 61]. In this study, our

RT-PCR analysis revealed that two CR-1 mRNA transcript forms from the human CR-1 gene



were expressed in QGY7701, HepG2, Hep3B, SNU-182 and SNU-387 cells, but the majority of

CR-1 transcripts represent the SF-CR-1 in these aforementioned cells. Collectively, these data

indicate that either FL-CR-1 mRNA transcript (2-kb) or SF-CR-1 mRNA transcript (1.7-kb) was

expressed in different human normal and tumor tissues, and cancer cell lines, however, the

majority of CR-1 transcripts represent the SF-CR-1 in these aforementioned human tumor

tissues and cells.

In addition, Southern blot analysis illustrated that two different CR-1 mRNA transcripts that

were present in NT2/D1, GEO and HepG2 cell lines were not due to alterations in the genomic

DNA[60]. The previous study revealed a direct transcriptional regulation of SF-CR-1 mRNA

transcript expression by the canonical Wnt/  -catenin/TCF signaling pathway through an

intronic-exonic enhancer element, containing three tandem TCF/LEF binding sites within the

CR-1 gene, in colon carcinoma and hepatoma cell lines (i.e., SW620 and HepG2 cells)[61],

and that the SF-CR-1 mRNA is dominantly expressed in Wnt-active cell lines[61].

As described in the section of Introduction, CR-1 is a multifunctional modulator involved in

embryogenesis, oncogenesis and cancer progression[20-27]. CR-1 is highly expressed in a

variety of human cancers[21, 24, 32-37]. The truncated CR-1 mRNA lacks exon 1 and 2, but

the putative open reading frame still maintains the EGF-like module, the cysteine-rich domain

and the COOH-terminal linkage sequence[60, 61]. Although the biological functions of this

truncated form of CR-1 that can be detected in human colon carcinomas and their hepatic

metastases, and HCC clinical specimens have not yet been elucidated, the fact that the short

form of CR-1 is a major transcript in such cancers[60, 61] suggests the importance of

SF-CR-1 in cancer progression, which is required to be investigated in the future.

It is well known that embryonic genes such as Oct4[38-40] and CR-1[26, 41, 42] are not

detected or expressed at low levels in normal adult tissues[20-27], whereas the

re-expression of CR-1 was observed in numerous solid tumors[21, 24, 32-37]. The

inappropriate activation of embryonic genes, such as Oct4[38-40] and CR-1[26, 41, 42],

contributes to oncogenesis in somatic tissues. The overexpression of Cripto-1 transgene in



MMTV-CR-1 or WAP-CR-1 transgenic mouse mammary gland led to mammary epithelial

hyperplasia and adenocarcinoma[26, 41], and the development of leiomyosarcoma of the

uterus in MMTV-CR-1 transgenic mice[42]. As described above, the data from other

labs[48-50] and this study clearly showed that CR-1 exerted its pro-tumorigenic influences on

HCC progression. In this study, we observed that CR-1 transgenic overexpression in the liver

of transgenic mice abnormally activated these aforementioned downstream pathways and

led to the deregulated expression profile of genes, all of which are key regulators of cellular

proliferation, inflammation response, cellular malignant transformation, hepatocelluar

carcinogenesis or cancer malignant progression and poor prognosis, however, there were no

histological signs of precancerous lesions, hepatocyte dysplasia and HCC formation in liver

samples from 3-, 6- or 8-month-old RCLG/Alb-Cre transgenic mice, suggesting that the

constitutive expression of CR-1 alone is not sufficient to promote hepatocarcinogenesis,

unless other factors, i.e., a second hit, is present.

CR-1 exerts various cellular activities through activating its downstream pathways such as

AKT, Wnt/-catenin, Stat3, MAPK/ERK, TGF- and Notch[23-26, 43, 48, 72, 73], all of which

are involved in hepatocarcinogenesis or HCC malignant progression and poor prognosis[12,

13, 18, 19, 74-76]. The increased levels of -catenin and phosphorylated AKT were detected

in mammary gland tumor tissues from MMTV-CR-1 or WAP-CR-1 transgenic mice[26, 41] and

in the leiomyosarcoma tissues of the uterus in MMTV-CR-1 transgenic mice[42]. In the

present study, we also found that CR-1 transgene overexpression in RCLG/Alb-Cre transgenic

mouse liver and HCC cells significantly activated AKT, Wnt/-catenin, Stat3, MAPK/ERK, JNK,

TGF- and Notch pathways, all of which are closely associated with hepatocyte proliferation,

liver regeneration or hepatocelluar carcinogenesis. Collectively, hepatocyte-specific

overexpression of CR-1 transgene in transgenic mice can result in the abnormal activation of

aforementioned signaling pathways involved in the premalignant alterations during

hepatocarcinogenesis.

Among these identified 113 genes shown in Fig. 6A and Table S7, except for some genes with

unknown functions, most of them encoded proteins related to cellular proliferation, cell cycle,



apoptosis, liver regeneration, DNA damage, stress responses, inflammation response,

immune escape, defense response, acute-phase response, cellular malignant transformation,

oncogenesis or cancer malignant progression and poor prognosis. These processes were

previously reported to be involved mainly in various pathological injuries to the liver, or the

development of HCC[77-80].

Among these identified genes, the upregulated genes (i.e., Orm2, Orm3, S100A8 and

S100A9) and downregulated genes (i.e., DMBT1, Gsta2 and G0S2) in RCLG/Alb-Cre

transgenic livers have been reported as important hepatocarcinogenic factors [81-85]. The

transgenic mice with hepatocyte-specific overexpression of DNA binding protein A (dbpA)

spontaneously developed liver tumors around 1.5 years old, but did not show any

morphological changes in the liver around 30-40 weeks old[85]. Orm2 (Orosomucoid 2) and

Orm3 (Orosomucoid 3), and G0S2 (G0/G1 switch gene 2) have been shown to be

upregulated or downregulated in 31- and 32-week-old male dbpA transgenic mouse livers[85]

and HCC tissues (Fig. 7), respectively. The downregulation of Gsta2

(glutathione-S-transferase, alpha type 2) mRNA was observed in the liver of the

fenofibrate-treated rats, in which hepatocarcinogenesis was induced by fenofibrate[84].

Deleted in malignant brain tumours 1 (DMBT1)gene was downregulated in RCLG/Alb-Cre

transgenic livers (Fig. 6 and Table S7) and HCC tissues[86], while the previous study showed

that the down-expression of DMBT1 enhances the risk of malignant transformation of hepatic

progenitor cells (HPCs)[81], suggesting that DMBT1 may play an important role in

hepatocarcinogenesis. S100A8 and S100A9 exhibit pro-tumorigenic functions in vitro as both

proteins promote tumor cell proliferation, migration and invasion of different tumor cell

lines[87], while these observations have been validated also in vivo using mouse models, in

which S100A8 and/or S100A9 induced tumor growth has been demonstrated for colon, brain,

breast, thymus and thyroid cancers[82]. Notably, several lines of evidence indicate that

S100A8 and/or S100A9 might be involved in HCC initiation and progress. The

damage-associated molecular pattern molecules S100A8 and S100A9 are up-regulated in

human liver cancer and correlates with poor differentiation[82, 83, 88]. The expression levels

of the damage-associated molecular pattern molecules S100A8 and S100A9 were elevated in



serum and tissue samples from HCC patients[83, 88], whereas the expression of S100A9 but

not S100A8 were also higher in blood serum and tissue samples from HBV-positive HCC

patients than that in HBV-negative HCC patients [88]. In addition, S100A8/A9 promoted HCC

cell survival, proliferation and invasion in vitro and these data were confirmed in a xenograft

model, in which injection of recombinant S100A9 in subcutaneous tumors of transplanted

HCC cells increased cancer size[82, 88]. A pro-tumorigenic function of S100A8/A9 in the

carcinogen (DEN: diethylnitrosamine)-driven HCC model was observed, while S100A8/A9

ablation impaired liver cancer progression due to reduced cancer cell proliferation[82]. A

synergistic function for S100A8 and S100A9 in HCC cells resulted in a significant induction of

reactive oxygen species (ROS), accompanied by enhanced cell survival[82]. More importantly,

S100A8 and S100A9 were identified as novel NF-  B target genes in HCC cells during

inflammation-associated liver carcinogenesis[82]. These findings indicate that S100A8 and

S100A9, forming a heterodimer called calprotectin, might be critically involved in HCC

development. In this work, increased expression of S100A9 and S100A8in RCLG/Alb-Cre

transgenic liver tissues might encourage hepatocyte cells to survive injury and ignored

apoptotic signals, which would ultimately led to cell transformation.

The pyruvate dehydrogenase complex (PDC), a key regulator of tricarboxylic acid (TCA) cycle

flux, catalyzes oxidative conversion of pyruvate into acetyl CoA and NADH in mitochondria,

which is required for the TCA cycle and mitochondrial respiration, while phosphorylation of

PDC is catalyzed in humans by any of four isozymes of the pyruvate dehydrogenase kinase

(PDK1, PDK2, PDK3 and PDK4), which exhibit 70% homology[89-94]. Accumulating evidence

has shown that PDK1-3 are closely associated with the metabolism of tumor cells because

they can phosphorylate PDC, leading to the inactivation of PDC[89-94]. There is evidence

showing that PDK4 acts as tumour suppressors because it is dramatically decreased in

multiple human cancers, including breast, ovarian, colon and lung cancers[95-97], and HCC

(this study). In this study, our results revealed the significantly decreased expression of PDK4

in RCLG/Alb-Cre transgenic livers (Fig. 6 and Table S7) and human HCC tissue samples (Fig.

7), and our unpublished data showed that PDK4 silencing by RNAi resulted in significantly

enhanced proliferation, tumorigenicity, motility and invasion of HCC cells. Additionally, PDK4-/-



livers showed increased hepatocyte proliferation, which was diminished by arsenic

treatment[98]. Together, the aforementioned findings demonstrate that PDK4 may function

as a tumor suppressor during hepatocarcinogenesisin mice and humans.

Previous works demonstrate that genes involved in the regulation of the cell cycle and

apoptosis are frequently affected in HCC[78, 79, 99]. Unexpectedly, a relatively small number

of genes (G0S2, Plk2, Plk3, Casp4, Casp8, S100A8 and S100A9) fell into these two groups in

this work (Fig. 6A and Table S7). This may be explained by the use of relatively stringent

criteria for selecting the candidate genes in the present study.

Some of these dysregulated genes observed in RCLG/Alb-Cre transgenic livers are known to

exhibit the correspondingly altered expression in human HCC tissue samples and, in some

cases, functionally contribute to hepatocarcinogenesis. Such genes include Tmem176a,

Tmem176b, and , as well as other genes known to play a role in HCC such as C4b[100-102],

Tsc22d3[103], Lgals4[104-106], Akr1c19[107], Vipr2[106, 108], Asns[109, 110], Cttn[111,

112], Nupr1[113-115], Prss3[116] and Dmbt1[81], and in animal liver cancer models such

asSlpi[117], Akr1c19[107], Serpine2[118, 119] and Gdf15[120].

Although not directly reported in HCC pathogenesis, the deregulated expression of

Ocel1[111], Ablim1[121], Tmed5[122-124], TMEM140[125], Sucnr1[126], Slc22a5[127-130],

Efnb1[131-133], Zfhx1a[134, 135], Foxred2[136, 137], Reg3g[138, 139], Pdia2[140, 141],

Rnase1[142-144], Pnliprp1[110, 145], Tmed6[146, 147] and Cuzd1[148, 149] has been

shown to be closely related to other types of tumors.

The kallikrein-related peptidases (Klks) represent the largest family of secreted serine

proteases within the human genome and are expressed in various tissues[150, 151].

Although they regulate several important physiological functions, Klks have also been

implicated in numerous pathophysiological processes, including cancer[150, 151].

Interestingly, our transcriptional profiling also revealed significantly

downregulated-expression changes of the family members of Klks in 4-month-old



RCLG/Alb-Cre transgenic livers, including Klk1, Klk15, Klk1b3, Klk1b4, Klk1b5, Klk1b8,

Klk1b11, Klk1b21, Klk1b24, Klk1b26 and Klk1b27 (Fig. 6A, Table S7 and Table S8).

Downregulation of Klk1 was validated by qRT‑PCR in RCLG/Alb-Cre transgenic livers (Fig. 6)

and HCC tissue samples (Fig. 7). Although not directly reported in HCC pathogenesis, the

deregulated expression of human KLKs in many cancers has been shown to be closely related

to the progression of other types of tumors[150, 151]. Additionally, a constantly increasing

number of in vitro and in vivo studies demonstrate that these peptidases are now considered

key players in the regulation of cancer cell growth, migration, invasion, chemo-resistance,

and importantly, in mediating interactions between cancer cells and other cell populations

found in the tumour microenvironment to facilitate cancer progression[150, 151]. However,

the exact functions of these Klk genes during HCC progression and hepatocarcinogenesis

need to be further investigated.

HCC is a major cause of cancer death, and its development is influenced by the status of

oxidative stress, DNA damage and inflammation in the liver. Accumulating evidence has

indicated that oxidative stress is associated with HCC development[152-154]. In this work,

two genes encoding the antioxidant proteins glutathione S-transferase, alpha 1 (Gsta1) and

glutathione S-transferase, alpha 2 (Gsta2) were identified to be down-regulated in

RCLG/Alb-Cre transgenic livers, whereas a pro-oxidant inducer vanin 3 (Vnn3) was identified

to be up-regulated in RCLG/Alb-Cre transgenic livers (Fig. 6 and Table S7). In RCLG/Alb-Cre

transgenic livers, there are some of dysregulated genes involved in oxidative stress, including

up-regulated gene [i.e., vanin 3 (Vnn3)] and down-regulated genes [i.e., glutathione

S-transferase, alpha 1 (Gsta1) and glutathione S-transferase, alpha 2 (Gsta2)] (Fig. 6 and

Table S7). Vanin/pantetheinase is highly expressed at gene and protein level in many organs,

such as the liver, intestine and kidney, and many studies have elucidated the roles of vanin 1

(Vnn1), vanin 2 (Vnn2) and vanin 3 (Vnn3) as an oxidative stress inducer[155-158]. The

previous study revealed the significant down-regulations of the oxidant defense genes (i.e.,

Gsta1 and Gsta2) in the liver of the fenofibrate-treated rats with fenofibrate-induced

hepatocarcinogenesis[84]. Our finding indirectly reflects the existence of oxidative damage

induced by CR-1 overexpression. In our work, increased expression of pro-oxidant inducer



Vnn3 and decreased expression of antioxidant genes (i.e., Gsta1 and Gsta2) in RCLG/Alb-Cre

transgenic liver tissues might aid the oxidatively damaged hepatocytes to escape from

apoptosis, possibly induced by increased reactive oxygen species (ROS), and to favor the

onset of hepatocarcinogenesis.

Increased evidence has shown that DNA damage is involved in hepatocarcinogenesis[159,

160]. In our work, we revealed the significantly down-regulated expression of polo-like

kinase 2 (Plk2) and polo-like kinase 3 (Plk3) involved in DNA damage in RCLG/Alb-Cre

transgenic livers (Fig. 6 and Table S7) and human HCC tissue samples (Fig. 7). There is

evidence showing that Plk2 and Plk3 act as tumour suppressors through their functions in the

p53 signaling network, which guards the cell against various stress signals[161-165].

Emerging evidence suggests an antiproliferative impact of Plk2 and Plk3 during

mitosis[161-165]. Plk3 links DNA damage to cell cycle arrest through the ATM/p53 pathway,

and Plk3-deficient mice develop tumours[161-165]. Furthermore, Plk2 and Plk3 are involved

in checkpoint-mediated cell cycle arrest to ensure genetic stability, thereby inhibiting the

accumulation of genetic defects[161-165]. In this study, the decreased expression of Plk2

and Plk3 in RCLG/Alb-Cre transgenic liver tissues might result in genetic mutations in the

oxidatively damaged hepatocytes and expansion of initiated cells, eventually contributing to

the onset of liver carcinogenesis.

HCC is an inflammation-induced cancer[153, 166-169]. It is known that chronic liver

inflammation leads to oxidative/nitrosative stress and lipid peroxidation, generating excess

oxidative stress, together with aldehydes which can react with DNA bases to form

promutagenic DNA adducts [153, 166-169]. In this work, there are many of up-regulated

genes involved in liver inflammation (i.e., CD5L, S100A8, S100A9, Timd4 and Rgs16),

immune escape (i.e.,Orm2, Orm3, IGHG1, IGHG2B, IGHG2C and IGKV16-104), acute-phase

response (i.e., Orm2,Orm3, Saa1, Saa3, Itih3 and Itih4) and defense response (i.e., Ly6e)

(Fig. 6 and Table S7) in RCLG/Alb-Cre transgenic livers.



Api6/AIM/Spa/CD5L was upregulated in HCC and promoted liver cancer cell proliferation and

antiapoptotic responses by binding to HSPA5 (GRP78)[170]. CD5L is a pleiotropic player in

liver fibrosis controlling damage, fibrosis and immune cell content[171]. CD5L transgenic

overexpression in the alveolar type II epithelial cells (AT II cells) of transgenic mice induced

malignant transformation and spontaneous lung adenocarcinoma by limiting lung epithelial

cell apoptosis and promoting immune escape[172]. Moreover, CD5L overexpression in AT II

cells increased the concentrations of proinflammatory cytokines/chemokines in

bronchoalveolar lavage fluid and serum, promoting expansion of myeloid-derived suppressor

cells (MDSC) in lung and blood, while lung MDSCs suppressed T-cell proliferation and activity

in vitro and reduced levels of T cells in vivo following doxycycline treatment to activate CD5L

transgene[172]. The presence of IGHG1 in pancreatic cancer cells constituted an important

element responsible for tumor cell proliferation and immune evasion mechanisms[173].

Tumor immunoevasion is an advanced phase of cancer immunosurveillance in which tumor

cells acquire the ability to circumvent host immune systems and exploit protumorigenic

inflammation[174]. T-cell immunoglobulin mucin (TIM) gene family members have emerged

as critical checkpoint proteins that regulate multiple immune response phases and maintain

immune homeostasis[174]. Accumulating evidence demonstrates that tumor cells exploit

TIM gene family members to evade immunosurveillance, whereas TIM gene family members

facilitate the prevention of inflammation-related tumor progression[174]. Timd4 (T-cell

immunoglobulin domain and mucin domain 4; also known as TIM4) is known to play critical

roles in the regulation of tumor immunosurveillance and anti-tumor immunity[174]. Timd4 in

non-small-cell lung cancer (NSCLC) tissues was significantly higher than that of the adjacent

tissues, and Timd4 overexpression promoted lung cancer cell growth and proliferation[175].

NF-B signaling pathway has been recently shown to participate in inflammation-induced

cancer progression, and S100A8 and S100A9 were identified as novel NF-B target genes in

HCC cells during inflammation-associated liver carcinogenesis[82].

The complex series of reactions initiated in response to infection, physical trauma, or

malignancy is called the acute-phase response (APR). As acute-phase proteins, Orm2 and



Orm3 play important roles in anti-inflammation and immunomodulation[176]. Orm2 is

frequently downregulated in HCC tissues and is negatively associated with tumor progression

and intrahepatic metastasis[176]. The serum concentration of ITIH4, a member of the

acute-phase protein family, increased during acute-phase processes in human patients, and

ITIH4 is up-regulated by interleukin-6 in hepatocarcinoma HepG2 cells[177]. Collectively, this

gene signature was enriched for the inflammatory and host immunity processes; both

crucially involved in HCC development.

Conclusion
In conclusion, we provided the first evidence that HCC clinical tissue specimens dominantly

expressed the short form CR-1 mRNA, but the biological effects of this truncated form of CR-1

in HCC progression remains to be investigated in the future. Hepatocyte-specific

overexpression of CR-1 in transgenic mice abnormally activated these aforementioned

downstream pathways and led to the deregulated expression profile of genes, all of which are

key regulators of cellular proliferation, inflammation response, cellular malignant

transformation, oncogenesis or cancer malignant progression and poor prognosis, however,

these abnormally molecular alterations induced by the enforced CR-1 transgene expression in

mouse liver is not sufficient to initiate hepatocarcinogenesis in mice.
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Figure legends:

Fig. 1 The short form Cirpto-1 (CR-1) mRNA is dominantly expressed in cancer

cell lines and clinical tissue specimens of hepatocellular carcinoma (HCC).

(A) CR-1 gene and its mRNA structure.

UN-D/UN-B: full-length CR-1 specific primer set; UN-A/UN-B: total CR-1 primer set. The

primer couples UN-D/UN-B and UN-A/UN-B yield PCR products of 432bp and 305bp (Fig. 1B,

D, F), respectively.

(B-C) Representative images of CR-1 isoform expression by RT-PCR (B) and quantification of

full-length CR-1 within total CR-1 by semi-quantitative RT-PCR(C) in human HCC cell lines.

(D-G) Representative pictures of CR-1 isoform expression (D and F) by RT-PCR, and

quantification of full-length CR-1 within total CR-1 by semi-quantitative RT-PCR (E and G) in

human HCC clinical tissues pecimens (T/C) and adjacent non-tumorous liver tissues (N/B).

Fig. 2 Expression of CR-1 was elevated in the HCC clinical tissue specimens.

(A) Representative pictures of CR-1 transcript levels were examined in HCC clinical

specimens (T/C) and matched non-tumorous liver tissues (N/B) by RT-PCR.

(B) The T/N ratio of CR-1 mRNA expression shown in Fig. 2A.

The levels of CR-1 transcript were examined in HCC clinical specimens (T/C) and matched

non-tumorous liver tissues (N/B) by semi-quantitative RT-PCR.

(C) The levels of CR-1 transcript were examined in 65 HCC clinical specimens (T) and 63

adjacent non-HCC liver tissue biopsies(N) by qRT-PCR.

(D) The expression levels of CR-1 in HCC clinical specimens (T) and non-cancerous liver

tissue biopsies (N) from TCGA datasets.

(E) Representative images of CR-1 protein expression in HCC clinical specimens (T) and

adjacent non-HCC liver tissue biopsies (N) examined by Western blotting.



(F) Representative images of Cirpto-1 expression in HCC clinical specimens and adjacent

non-HCC liver tissue biopsies examined by IHC.

(G) IHC assay showed that Cirpto-1 expression was markedly higher in the HCC tissue

biopsies than that in the non-cancerous liver tissues.

Fig. 3 CR-1 overexpression in liver enhances hepatocyte proliferation after 2/3

partial hepatectomy (PHx).

(A) Representative gross pictures of adult RCLG/Alb-Cre mouse (right) and control littermate

(left) (5-month-old) fed a normal diet.

(B) Body weight of RCLG/Alb-Cre mice and littermate controls at different ages.

(C) Relative liver weight of RCLG/Alb-Cre mice vs. littermate controls.

(D) Gross morphology of the livers of RCLG/Alb-Cre mouse (right) and control littermate

(left)at different ages.

(E) Representative histological images of H&E staining of liver sections from control

littermates and RCLG/Alb-Cre mice.

(F) Hepatocyte proliferation in control littermates and RCLG/Alb-Cre mice, as measured by

Ki-67 immunostaining.

(G) Hepatocyte proliferation prior to and at indicated time points after PHx in RCLG/Alb-Cre

mouse and control littermate, as measured by Ki-67 immunostaining.

(H) Ki-67 quantification of hepatocyte proliferation prior to and at indicated time points after

PHx in RCLG/Alb-Cre mice (n=3-5) and control littermates(n=3-5).

Fig. 4 CR-1 positively regulated the proliferation, migration and invasion abilities

of HCC cells in vitro, and CR-1 overexpression promoted tumor growth of HCC

cells in nude mice.

(A) Western blot analysis of CR-1 expression in vector-expressing (LV-con) and

CR-1-expressing (LV-CR-1) BEL-7402 and HepG2 cells.

(B) Western blot analysis of CR-1 expression in shSCR-expressing (LV-shSCR) and

shCR-1-expressing (LV-shCR-1) BEL-7402 and HepG2 cells.
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(C) Colony formation assay was performed to test the proliferation ability of CR-1-expressing

or shCR-1-expressing HCC cells.

The panels (Fig. S5) show representative pictures of colony formation assay and the panel

(Fig. 4C) signify the overall counts of the colonies.

(D-E) The motile and invasive activities of CR-1-expressing or shCR-1-expressing BEL-7402

(D) and HepG2 (E) cells based on transwell migration and Boyden invasion assays,

respectively.

(F) Representative picture of nude mice bearing a human HCC subcutaneous xenografts.

(G) Representative picture of tumors formed.

(H) Growth curve of tumor volumes.

(I) Tumors were weighted.

(J-K) BrdU-stained sections of transplanted tumors formed by BEL-7402 cells.

As mentioned in Materials and methods section, nude mice were subcutaneously implanted

with vector- and CR-1-expressing BEL-7402 cells. The percentages of BrdU-positive cancer

cells were calculated by the total number of BrdU-positive cells over total number of cancer

cells.

Fig. 5 Liver-specific overexpression of CR-1 gene in transgenic mice activates

HCC-related common signaling pathways.

(A) Representative Western blot analysis of the indicated proteins in CR-1-expressing or

shCR-1-expressing BEL-7402 and HepG2 cells.

(B) Representative immunoblotting showing the indicated protein levels in the liver of

RCLG/Alb-Cre mice.

(C) The relative mRNA levels of IL-1, IL-6, Notch1 and TGF-β1 in the liver of RCLG/Alb-Cre

mice based on qRT-PCR assay.

Fig. 6 Microarray revealed the altered expression of genes involved in HCC

oncogenesis in the liver of RCLG/Alb-Cre mice.



(A) Class comparison and hierarchical clustering of differentially expressed

hepatocarcinogenesis-related genes between RCLG/Alb-Cre and control mouse liver.

Tg-1, Tg-2 and Tg-5 represented the total RNA (used in microarray experiment) isolated from

the livers of three 4-month-old RCLG/Alb-Cre transgenic mice, while cc represented the

pooled total RNA (used in microarray experiment) isolated from the livers of three control

littermates. Equal amounts of total RNA from each control liver vole were pooled to prepare

cc. Tg-1 vs cc: Tg-1 compared to pooled cc; Tg-2 vs cc: Tg-2 compared to pooled cc; Tg-5 vs

cc: Tg-5 compared to pooled cc. Only genes showing a fold change of more than 2 and a t

test P value of less than 0.05 were included in the analysis. Red indicates increased

expression; blue indicates reduced expression. Other details as in Fig. S7.

(B-D) qRT-PCR validated microarray-derived data on the increased or decreased mRNA

expression of the indicated HCC oncogenesis-related genes in RCLG/Alb-Cre mouse liver.

Fig. 7 HCC specimen-derived data validated the altered expression of genes

found in the liver of RCLG/Alb-Cre mice

(A-B) The expression levels of CR-1 in HCC clinical specimens (T) and non-cancerous liver

tissue biopsies (N) derived from NCBIGEO datasets (GSE14520 and GSE25097).

(C-D) qRT-PCR analysis of the expression of the indicated genes (selected from Fig. 6A-D) in

HCC primary tumor (T) and matched nontumorous liver (N) tissues.

(E) Representative images of PDK4 expression in HCC clinical specimens and adjacent

non-HCC liver tissue biopsies examined by IHC.

(F) IHC assay showed that PDK4 expression was markedly lower in the HCC tissue biopsies

than that in the non-cancerous liver tissues.



Figures

Figure 1

The short form Cirpto-1 (CR-1) mRNA is dominantly expressed in cancer cell lines and clinical tissue
specimens of hepatocellular carcinoma (HCC). (A) CR-1 gene and its mRNA structure. UN-D/UN-B: full-
length CR-1 speci�c primer set; UN-A/UN-B: total CR-1 primer set. The primer couples UN-D/UN-B and UN-



A/UN-B yield PCR products of 432bp and 305bp (Fig. 1B, D, F), respectively. (B-C) Representative images
of CR-1 isoform expression by RT-PCR (B) and quanti�cation of full-length CR-1 within total CR-1 by semi-
quantitative RT-PCR(C) in human HCC cell lines. (D-G) Representative pictures of CR-1 isoform expression
(D and F) by RT-PCR, and quanti�cation of full-length CR-1 within total CR-1 by semi-quantitative RT-PCR
(E and G) in human HCC clinical tissues pecimens (T/C) and adjacent non-tumorous liver tissues (N/B).

Figure 2



Expression of CR-1 was elevated in the HCC clinical tissue specimens. (A) Representative pictures of CR-1
transcript levels were examined in HCC clinical specimens (T/C) and matched non-tumorous liver tissues
(N/B) by RT-PCR. (B) The T/N ratio of CR-1 mRNA expression shown in Fig. 2A. The levels of CR-1
transcript were examined in HCC clinical specimens (T/C) and matched non-tumorous liver tissues (N/B)
by semi-quantitative RT-PCR. (C) The levels of CR-1 transcript were examined in 65 HCC clinical
specimens (T) and 63 adjacent non-HCC liver tissue biopsies(N) by qRT-PCR. (D) The expression levels of
CR-1 in HCC clinical specimens (T) and non-cancerous liver tissue biopsies (N) from TCGA datasets. (E)
Representative images of CR-1 protein expression in HCC clinical specimens (T) and adjacent non-HCC
liver tissue biopsies (N) examined by Western blotting. (F) Representative images of Cirpto-1 expression
in HCC clinical specimens and adjacent non-HCC liver tissue biopsies examined by IHC. (G) IHC assay
showed that Cirpto-1 expression was markedly higher in the HCC tissue biopsies than that in the non-
cancerous liver tissues.



Figure 3

CR-1 overexpression in liver enhances hepatocyte proliferation after 2/3 partial hepatectomy (PHx). (A)
Representative gross pictures of adult RCLG/Alb-Cre mouse (right) and control littermate (left) (5-month-
old) fed a normal diet. (B) Body weight of RCLG/Alb-Cre mice and littermate controls at different ages. (C)
Relative liver weight of RCLG/Alb-Cre mice vs. littermate controls. (D) Gross morphology of the livers of
RCLG/Alb-Cre mouse (right) and control littermate (left)at different ages. (E) Representative histological



images of H&E staining of liver sections from control littermates and RCLG/Alb-Cre mice. (F) Hepatocyte
proliferation in control littermates and RCLG/Alb-Cre mice, as measured by Ki-67 immunostaining. (G)
Hepatocyte proliferation prior to and at indicated time points after PHx in RCLG/Alb-Cre mouse and
control littermate, as measured by Ki-67 immunostaining. (H) Ki-67 quanti�cation of hepatocyte
proliferation prior to and at indicated time points after PHx in RCLG/Alb-Cre mice (n=3-5) and control
littermates(n=3-5).

Figure 4



CR-1 positively regulated the proliferation, migration and invasion abilities of HCC cells in vitro , and CR-1
overexpression promoted tumor growth of HCC cells in nude mice. (A) Western blot analysis of CR-1
expression in vector-expressing (LV-con) and CR-1-expressing (LV-CR-1) BEL-7402 and HepG2 cells. (B)
Western blot analysis of CR-1 expression in shSCR-expressing (LV-shSCR) and shCR-1-expressing (LV-
shCR-1) BEL-7402 and HepG2 cells. (C) Colony formation assay was performed to test the proliferation
ability of CR-1-expressing or shCR-1-expressing HCC cells. The panels (Fig. S5) show representative
pictures of colony formation assay and the panel (Fig. 4C) signify the overall counts of the colonies. (D-E)
The motile and invasive activities of CR-1-expressing or shCR-1-expressing BEL-7402 (D) and HepG2 (E)
cells based on transwell migration and Boyden invasion assays, respectively. (F) Representative picture
of nude mice bearing a human HCC subcutaneous xenografts. (G) Representative picture of tumors
formed. (H) Growth curve of tumor volumes. (I) Tumors were weighted. (J-K) BrdU-stained sections of
transplanted tumors formed by BEL-7402 cells. As mentioned in Materials and methods section, nude
mice were subcutaneously implanted with vector- and CR-1-expressing BEL-7402 cells. The percentages
of BrdU-positive cancer cells were calculated by the total number of BrdU-positive cells over total number
of cancer cells.



Figure 5

Liver-speci�c overexpression of CR-1 gene in transgenic mice activates HCC-related common signaling
pathways. (A) Representative Western blot analysis of the indicated proteins in CR-1-expressing or shCR-
1-expressing BEL-7402 and HepG2 cells. (B) Representative immunoblotting showing the indicated
protein levels in the liver of RCLG/Alb-Cre mice. (C) The relative mRNA levels of IL-1, IL-6, Notch1 and
TGF-β1 in the liver of RCLG/Alb-Cre mice based on qRT-PCR assay.



Figure 6

Microarray revealed the altered expression of genes involved in HCC oncogenesis in the liver of RCLG/Alb-
Cre mice. (A) Class comparison and hierarchical clustering of differentially expressed
hepatocarcinogenesis-related genes between RCLG/Alb-Cre and control mouse liver. Tg-1, Tg-2 and Tg-5
represented the total RNA (used in microarray experiment) isolated from the livers of three 4-month-old
RCLG/Alb-Cre transgenic mice, while cc represented the pooled total RNA (used in microarray experiment)



isolated from the livers of three control littermates. Equal amounts of total RNA from each control liver
vole were pooled to prepare cc. Tg-1 vs cc: Tg-1 compared to pooled cc; Tg-2 vs cc: Tg-2 compared to
pooled cc; Tg-5 vs cc: Tg-5 compared to pooled cc. Only genes showing a fold change of more than 2 and
a t test P value of less than 0.05 were included in the analysis. Red indicates increased expression; blue
indicates reduced expression. Other details as in Fig. S7. (B-D) qRT-PCR validated microarray-derived data
on the increased or decreased mRNA expression of the indicated HCC oncogenesis-related genes in
RCLG/Alb-Cre mouse liver.



Figure 7

HCC specimen-derived data validated the altered expression of genes found in the liver of RCLG/Alb-Cre
mice (A-B) The expression levels of CR-1 in HCC clinical specimens (T) and non-cancerous liver tissue
biopsies (N) derived from NCBIGEO datasets (GSE14520 and GSE25097). (C-D) qRT-PCR analysis of the
expression of the indicated genes (selected from Fig. 6A-D) in HCC primary tumor (T) and matched
nontumorous liver (N) tissues. (E) Representative images of PDK4 expression in HCC clinical specimens
and adjacent non-HCC liver tissue biopsies examined by IHC. (F) IHC assay showed that PDK4 expression
was markedly lower in the HCC tissue biopsies than that in the non-cancerous liver tissues.
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