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Abstract

Background

Hepatocellular carcinoma (HCC) is leading cause of cancer-related mortality and is catego-

rized among the most common malignancies around the world. It is a heterogeneous tumor,

which shows significant degree of histopathological heterogeneity. Despite the apparent his-

topathological diversity there has been very little distinct correlation between histopatholog-

ical features and molecular aberrations particularly when it comes to the expression level of

Wnt and Hh pathway molecules. The role of Wnt and Hh pathways in relation to HCC behav-

ior viz. histopathological heterogeneity and aggressiveness is not known. Determining the

sequential molecular changes and associated histopathological characteristic during HCC

initiation, promotion, and progression would probably lead to a better treatment and

prognosis.

Methods

N-Nitrosodiethylamine (DEN) induced HCC model in male Wistar rats were established to

study the expression level of Wnt and Hh pathway molecules during different stages of

hepatocarcinogenesis. Their expression levels were checked at mRNA and protein levels at

initiation, promotion, and progression stages of HCC. The expression levels of Wnt and Hh

pathway molecules were correlated with biospecimens of HCC patients of different stages.

Results

In the present study we identified the comprehensive change in the expression pattern of

Wnt and Hh pathway molecules in DEN induced rodent hepatocarcinogenesis model. Our

results demonstrate that β-catenin /CTNNB1 plays important role in tumor initiation and pro-

motion by stimulating tumor cell proliferation. The activated Wnt signaling in early stage of
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HCC is associated with well-differentiated histological pattern. The Hh activity although acti-

vated during the initiation stage but is significantly increased during the early promotion

stage of hepatocarcinogenesis. The increased activity of both Wnt & Hh pathways during

promotion stage is associated with moderately-differentiated histological pattern and was

simultaneously linked with an increased expression of MMP9. Furthermore, our data dem-

onstrated that during the progression stage Wnt pathway is modestly down-regulated but

the Hh pathway activity sustained which in turn is associated with aggressive and invasive

phenotype and poorly-differentiated histopathology.

Conclusion

Our data uncovers the grade related expression of Wnt and Hh pathway molecules and the

potential utility of these molecular signatures in daily clinical practice is to decide best ther-

apy according to patients characteristic. Additionally, our data offer insight into the interac-

tion between Wnt and Hh pathways which triggers HCC development and progression.

Background

Hepatocellular carcinoma (HCC) is leading cause of cancer-related mortality and is catego-

rized among the most common malignancies around the world[1]. HCC is a morphologically

and clinically heterogeneous tumor and it also shows a significant degree of histopathological

heterogeneity[2–4]. This heterogeneous nature of HCC pose serious problem for its therapeu-

tic management. Particularly, there is obvious and frequent histopathological changes

observed at different stages of HCC. The varied histopathological changes are associated with

the change in invasion and metastatic properties of HCC and can also alter the response of

HCC towards any therapy. The invasion and metastatic properties of cells in HCC varies from

early stage to late stage. Indeed the stage of HCC along with its differentiation status had been

a central aspect for clinical evaluation of HCC behavior. The range of cellular differentiation in

HCC extends from well-differentiated to poorly-differentiated types and contains varied mor-

phological subtypes. Depending upon tumor differentiation grade along with other factors like

cancer stage, patients age, and underlying disease condition a treatment regimen is selected.

Studies have shown that tumor differentiation grade is significantly correlated to the stage of

tumors as per TNM (Tumor-Node-Metastasis) system in colorectal cancer[5]. Similarly, other

investigators have also shown the correlation between stage and grade of tumors[6–7].

Despite the apparent histopathological diversity there has been very little distinct correla-

tion between histopathological features and molecular aberrations particularly when it comes

to the expression level of Wnt and Hh pathway molecules. Determining the sequential molecu-

lar changes and associated histopathological characteristic during HCC initiation, promotion,

and progression would probably lead to a better treatment and prognosis.

One of the important diagnostic features for almost all malignancies including HCC is

cytological properties which includes the cellularity, arrangement-pattern, and nucleo-cyto-

plasmic details. Based on these properties HCC can be categorized into well-differentiated,

moderately-differentiated, poorly-differentiated, and undifferentiated lesions[8]. The wide-

spread molecular nature of HCC across different grades is not known. Two major signaling

pathways found to be deregulated in HCC are Wnt and Hedgehog (Hh) pathways. Wnt and

Hh signaling pathways play key roles in embryogenesis, tissue patterning, morphogenesis,
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stem-cell maintenance, and tumorigenesis[9–10]. The involvement of these pathways in the

regeneration of liver after injury is well documented[11–12]. The Wnt pathway is known for

its contribution to HCC[13–14]. Similarly the Hh pathway is found to be frequently activated

in HCC[15–16]. However the role of these pathways in relation to HCC behavior viz. histo-

pathological heterogeneity and aggressiveness is not known.

In the present study we identified the comprehensive change in the expression pattern of

Wnt and Hh pathway molecules in DEN induced rodent hepatocarcinogenesis model. The dif-

ferential expression of Wnt and Hh pathway molecules could discriminate the differences in

the histopathological grades from pre-neoplastic lesion to advanced HCC. Simple microscopic

examination is not enough to differentiate between different grades of HCC. A significant dif-

ference in the molecular signature of each histopathological grade during hepatocarinogenesis

would open a window for grade specific treatment option. Additionally, molecular signatures

associated with specific grades would in turn improve the histopathological grading system.

Results

DEN induced HCC is associated with expanding nodular pattern during

hepatocarcinogenesis

Chemical induced rodent model mimics the injury-fibrosis-malignancy pattern following

treatment with a genotoxic chemical alone or in combination with a promoting-agent[17].

DEN is a potent hepatocarcinogen and is widely used for experimental hepatocarcinogenesis

in rodent models (reviewed in [18]). The DEN+Carbon tetrachloride (CCl4) model of rat

hepatocarcinogenesis was followed[19–20] in our experiment. At the completion of the

8-week treatments, and after latency-period of two weeks we observed altered hepatic foci or

morphologically recognizable lesions in DEN treated animals. The size and number of nodules

increased with time (Fig 1A) which showed the evidence of multi-nodular tumor in liver. The

early phase was associated with smaller and lesser number of nodules while the late phase was

associated with big nodular, massive and diffused type of appearances in different stages of

hepaotocarcinogenesis. The most common nodular type included multiple nodules, massive

type included large tumor with irregular demarcation, and the diffused type included many

small nodules in whole liver (Fig 1B). The expanding nodular pattern was simultaneously asso-

ciated with increase in bilirubin concentration in serum and increase in relative liver-weight

(Fig 1C and 1D). We also found a strong positive correlation between liver-weight and body-

weight of each animal in each group (S1A–S1D Fig). Remarkably, the R^2/PE value was maxi-

mum in the promotion-group.

Early HCC show increased cell proliferation along with β-catenin

(CTNNB1) activation

We next checked the expression level of β-catenin, which increased significantly in initiation-

and promotion-group followed by a modest decrease in progression-group as compared to

promotion-group (Fig 2A, upper panel). The increased β-catenin expression correlates with

the increasing level of PCNA staining (Fig 2A, lower panel). The cytonuclear expression of β-

catenin was more in promotion and progression group animals as evident by the quantifica-

tion of positively stained cells (Fig 2B). The decrease in β-catenin and PCNA in progression-

group is more evident in ELISA of tissue lysates (Fig 2C and 2D). Though the promotion-

group animals showed more intense nucleo-cytoplasmic staining for β-catenin, the overall

intensity got decreased in progression-group animals as demonstrated by intensity-score
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graph (Fig 2A side panel). There is strong positive correlation between β-catenin and PCNA

staining among all three groups of hepatocarcinogenesis (Fig 2E).

Higher level of Gli1/2 in late/progressed HCC coincide with an increase in

sFRP1

The expression level of Gli1/2 was modest during early phase of HCC but it increased signifi-

cantly in promotion-group and sustained through the progression-group animals. The quanti-

fication of Gli1 nuclear staining demonstrated maximum staining in promotion group

animals (S2A Fig). This sustained increase in Gli1 in progression-group is associated with a

corresponding increase in sFRP1, an inhibitor of Wnt pathway (Fig 3A). Although the increase

in sFRP1 level is modest at protein-level in tissue sections ((Fig 3A) and in tissue lysates (S2B

Fig), but as it is a secretory molecule so we checked its expression level in serum (Fig 3B).

Interestingly, the level of sFRP1 in serum of progression-group animals was significantly

higher as compared to initiation- and promotion-group animals. It has been already reported

that Gli1 inhibits Wnt pathway via. direct transcriptional control of sFRP1[21]. We next

checked the expression level of GSK3β as it is known to regulate Wnt β-catenin signaling and

is in-turn controlled by sFRP1 [22]. The expression level of GSK3β was slightly decreased in

Fig 1. DEN induced HCC is associated with expanding nodular pattern during hepatocarcinogenesis. The expanding nodular pattern

of HCC in male wistar rats. (A) Formation of focal lesions in DEN+CCl4 treated rats. Animals sacrificed at different stages of

hepatocarcinogenesis. (B) The different patterns of nodular lesions observed in DEN+CCl4 treated animals- control (a); diffused (b),

multi-nodular (c), and massive (d). (C) Estimation of bilirubin showing constantly increasing level in DEN+CCl4 treated animals. (D)

Measurement of liver weight showing increasing trend at different time points in the treated group, which belonged to different stages of

hepatocarcinogenesis. Data presented are expressed as Mean±S.D. �p<0.05, ��p<0.005, ���p<0.0005.

https://doi.org/10.1371/journal.pone.0208194.g001
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the promotion-group animals (Fig 3E), the same group is associated with maximum Wnt and

Hh activity. We found a strong positive correlation between sFRP1 and GSK3β (Fig 3F).

The increasing Wnt signaling in initiation-group correlates with well-

differentiated/grade I HCC

HCC is a hyper vascular tumor with various differentiation status and histological-patterns.

Among different histological-pattern the trabecular-pattern is the most common which is

associated with both well-differentiated and moderately-differentiated HCC. The thickness of

hepatic plates differs in both cases as of 2-cells thick in well-differentiated to 4-cells thick in

moderately-differentiated HCC. During the initiation stage the increasing expression of β-

catenin, Wnt-1, Wnt-3, Cyclin D1, DKK1, and c-Myc were observed at mRNA (Fig 4A) and

protein level by IHC staining (Fig 4B and 4C) and by ELISA for tissue lysates (Fig 4D). The

corresponding change in the histological properties is shown in Fig 4B upper panel. Results

demonstrate the well-differentiated morphology of HCC with thin trabecular-pattern and cor-

responding increased level of Wnt pathway molecules suggesting the activation of Wnt path-

way is associated with early well-differentiated pattern of HCC.

Fig 2. Early HCC show increased cell proliferation along with β-catenin (CTNNB1) activation. Expression levels of β-catenin

and PCNA across all stages of hepatocarcinigenesis. (A) IHC staining of β-catenin and PCNA in rat liver tissue sections of initiation

(Group1), promotion (Group2), and progression (Group3) stages of hepatocarcinogenesis. The corresponding IHC staining

intensity graph is shown in the side panel of figures.Y-axis represents labeling index (%) visual score in each intensity graph. (B)

Graph showing the number of positive stained cells for nuclear, cytoplasmic, and membranous staining of β-catenin. The number

of positive cells were counted belonging to five different fields of five different sections of control, group1, group2 and group3

animals. (C) & (D) Quantitation of β-catenin and PCNA concentration in rat tissue lysates of different groups by ELISA. (E) Graph

showing a strong positive correlation between β-catenin and PCNA across all stages of hepatocarcinogenesis. Data presented are

representative of three independent experiments performed in triplicates and expressed as Mean±S.D. �, �� and ��� differs

significantly at p<0.05,<0.005 and<0.0005.

https://doi.org/10.1371/journal.pone.0208194.g002
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The higher activity of Wnt and Hh pathway in promotion-group correlates

with moderately-differentiated/grade II HCC

Our results demonstrate that activation of Wnt signaling pathway is an early event in hepato-

carcinogenesis. While the Hh pathway was activated little later than Wnt pathway, the expres-

sion of Wnt3/3A, β-catenin, Gli1, Gli2, Ptch1, Smo, were maximum during the promotion

stage of hepatocarcinogenesis as evident by our IHC, RT-PCR, qRT-PCR (Primers used for

RT-PCR and qRT-PCR are listed in Table 1), and ELISA results (Fig 5A–5D) respectively. The

IHC staining intensity quantification demonstrated maximum staining in promotion-group

animals as compared to other groups. These results are complemented with the ELISA read-

outs showing maximum expression level of these molecules in promotion-group animals. The

Fig 3. Higher level of Gli1/2 in late/progressed HCC coincide with an increase in sFRP1. Enhanced expressions of Gli1, Gli2,

and sFRP1 at promotion stage. (A) IHC staining of Gli1, Gli2, and sFRP1 in rat liver tissue sections of initiation (Group1),

promotion (Group2), and progression (Group3) stages of hepatocarcinogenesis. The corresponding IHC staining intensity

graph is shown in the side panel of figures. Y-axis represents labeling index (%) visual score in each intensity graph. (B)

Quantitation of sFRP1 in the serum of animals of different groups as estimated by ELISA. (C) & (D) Quantitation of Gli1 and

Gli2 in rat tissue lysates of different groups by ELISA. (E) IHC staining of GSK3β in different groups of animals (left) and the

corresponding IHC staining intensity graph (right), Y-axis represents labeling index (%) visual score in each intensity graph. (F)

Graph showing a strong positive correlation between sFRP1 and GSK3β across all stages of hepatocarcinogenesis. Data

presented are representative of three independent experiments performed in triplicates and expressed as Mean±S.D. �, �� and
��� differs significantly at p<0.05,<0.005 and<0.0005.

https://doi.org/10.1371/journal.pone.0208194.g003
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Fig 4. The increasing Wnt signaling in initiation-group correlates with well-differentiated/grade I HCC. Increased Wnt

signaling correlates with well differentiated HCC. (A) Increased mRNA expression level of downstream Wnt signaling pathway of

control and initiation group (group1) animals. The group1 animals sacrificed at 2 different time points early and late (TE and TL)

separated by an interval of one week. (B) H and E stained liver sections of control and group1 animals showing well differentiated,

thin trabecular pattern at the upper panel, IHC images of β-catenin staining of the similar section is shown as the top projection. (C)

IHC staining of two Wnt pathway target genes, cyclin D1 and B1 in group1 at TE and TL phases of initiation stage and the

corresponding IHC intensity graph. Y-axis represents labeling index (%) visual score in each intensity graph. (D) Analysis of Wnt

pathway molecules in rat tissue lysates at TE and TL phases of initiation stage by ELISA method. Data presented are representative

of three independent experiments performed in triplicates and expressed as Mean±S.D. ��� represents p- value<0.0005.

https://doi.org/10.1371/journal.pone.0208194.g004

Table 1. Primer set of various genes adopted in RT-PCR.

Genes Sense Anti-Sense Annealing Temp. No. of Cycles

β-catenin AACGGCTTTCGGTTGAGCTG TGGCGATATCCAAGGGCTTC 60˚C 30

Wnt3 GGAGAAACGGAAGGAGAAATG GAGAGACGTTAGTTGAGAAAGAAGC 58˚C 30

cMyc CCAGGACTGTATGTGGAGCG CCTGAGGACCAGTGGGCTGT 56.6˚C 34

Gli1 GGGATGATCCCACATCCTCAGTC CTGGAGCAGCCCCCCCAGT 56.6˚C 34

Gli2 GCAGGTGTATCCCACGGAAAGCACTG CTCTCCTCGGCGAGGCTGGTGAGCAT 57.9˚C 30

COX2 TTCAAATGAGATTGTGGGAAAAT AGATCATCTGCCTGAGATATCTT 57˚C 32

Shh GATGTCTGCTGCTAGTCCTCG CACCTCTGAGTCATCAGCCTG 55.3˚C 32

SmoH GTTCTCCATCAAGAGCAACCAC CGATTCTTGATCTCACAGTCAGG 55.3˚C 32

CyclinD1 CTGGCCATGAACTACCTGGA GTCACACTTGATCACTCTCC 54.3˚C 30

Ptch1 CAGAGAAGGCTTGTGGCCAC GCTCAATGACTTCCACCTTCG 56.2˚C 32

DKK1 ATTCCAACGCTATCAAGAACC CCAAGGTGCTATGATCATTACC 55˚C 30

TCF TGACCTCTCTGGCTTCTACT TTGATGGTTGCTTCTTGGC 53˚C 32

GAPDH ATCTTCCAGGAGCGAGATCCC CGTTCGGCTCAGGGATGACCT 58˚C 30

https://doi.org/10.1371/journal.pone.0208194.t001
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increased activation of Wnt and Hh pathway correlates well with the moderately-differentiated

histological pattern of HCC (Fig 5A, upper panel).

The decreasing Wnt signaling and sustained Hh signaling correlates with

poorly-differentiated/grade III HCC

We next examined the expression level of Wnt and Hh pathway molecules in progression-

group animals. As evident by our results the expression level of Wnt3/3A and β-catenin got

modestly decreased in the progression-group animals (Fig 6A and S3A and S3B Fig) while the

expression level of Shh, Gli1/2, and Ptch1 was consistently high in progression-group animals.

Although, there was decrease in Hh pathway molecules in the later phase (TL) of progression-

group, the decrease was not significant as demonstrated by the intensity-score graph. The

Fig 5. The higher activity of Wnt and Hh pathway in promotion-group correlates with moderately-differentiated/grade-II HCC. Enhanced Wnt and Hh

signaling correlates with moderately differentiated HCC. (A) H and E stained liver sections of control and promotion group (group2) animals showing

moderately differentiated, thick trabecular pattern, followed by photomicraphs showing IHC staining of Wnt and Hh pathway molecules at TE and TL phases of

promotion stage. The corresponding IHC staining intensity graph is shown in the side panel of figures.Y-axis represents labeling index (%) visual score in each

intensity graph. (B) Increasing mRNA expression level of Wnt and Hh pathway molecules of control and group2 animals at TE and TL phases of promotion stage.

(C) The figure represents fold increase in relative mRNA expression, calculated with respect to GAPDH for Shh, Ptch1, Gli1, Wnt3 β-catenin in control and

group2 animals at TE and TL phases of promotion stage (D) Analysis of Wnt and Hh pathway molecules in rat tissue lysates at TE and TL phases of promotion

stage by ELISA. Data presented are representative of three independent experiments performed in triplicates and expressed as Mean±S.D. �� and ��� differs

significantly at p<0.005 and<0.0005.

https://doi.org/10.1371/journal.pone.0208194.g005
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sustained expression of Hh and decreased expression of Wnt pathway molecules correlate

with poorly-differentiated/solid histological-pattern of HCC (Fig 6A upper panel). We also

checked the immunostaining intensity of MMP-9 in all three groups of animals. Our results

demonstrated increased cytoplasmic expression of MMP-9 in group2 and 3 animals (Fig 6B

and S3C Fig).

Fig 6. The decreasing Wnt signaling and sustained Hh signaling correlates with poorly-differentiated/grade-III HCC. Sustained Shh signaling correlates with

poorly differentiated HCC. (A) H and E stained liver sections of promotion (group2: prm TL) and progression group (group3: prgTE and prgTL) animals showing

poorly differentiated, thick solid pattern, followed by photomicraphs showing IHC staining of Wnt and Hh pathway molecules at TE and TL phases of progression

stage. The corresponding IHC staining intensity graph is shown in the side panel of figures. Y-axis represents labeling index (%) visual score in each intensity

graph. (B) IHC staining of MMP9 in Group1, 2, and 3 animals showing increased expression. (C) The heatmap of RNASeq data showing expression level of

different Wnt and Hh pathway genes with the HCC stages/grade. (D) Serological analysis for sFRP1 in patients samples of lower and higher stages of HCC. (E)

Conclusive figure showing the trend of Wnt and Hh pathway molecules expression in correlation to the histological grade/stage of HCC. Data presented are

representative of three independent experiments performed in triplicates and expressed as Mean±S.D. �� and ��� differs significantly at p<0.005 and<0.0005.

https://doi.org/10.1371/journal.pone.0208194.g006
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Up-regulation of sFRP1 in higher stage HCC patient’s biospecimens

In order to test the translational value of our in vivo data into clinical application we performed

the expression analysis of Wnt and Hh pathway molecules in HCC patients of different stages

available at TCGA data-base. As the TCGA data-base provides large scale genomic datasets for

different type of cancer including HCC, we used these patient’s data, to corroborate our results

from the animal model. These comparisons indicate that to a large extent animal model obser-

vations are supported by the patient’s biospecimen data. The results demonstrated relatively

higher level of expression of Gli1 and sFRP1 in intermediate and advanced stage HCC, as

shown by heat-map (Fig 6C). It is also evident by our analysis that the expression levels of

WNT3/3a, β-CATENIN, C-MYC, GLI2, PTCH1, SHH were maximum during the stage3a and

3b of HCC patients (Fig 6C), which corroborates our in vivo findings. Additionally, we also

obtained blood samples from 6 healthy and 12 HCC patients of different stages (patient details

are summarized in Table 2) and performed the serological analysis of sFRP1. The results dem-

onstrated increased level of sFRP1 in higher stage patients (Fig 6D) as compared to the lower

stage patients, which is in support of our in vivo findings.

Discussion

The significance of the morphological lesions and their histopathological appearance should

be meaningfully conveyed to the clinicians. The purpose of grading and staging in cancer diag-

nosis is to record those histomorphic abnormalities which are responsible for the severity and

progression of the disease. Depending upon the quality and size of biopsies available the semi-

quantitative grading and staging system should be considered in approximation so it should

be better correlated to the molecular signatures of the tumors. Both grading and staging of can-

cers have prognostic significance for many cancers including HCC, but in case of HCC, there

is a significant degree of heterogeneity in its microscopic assessment [23]. Therefore we need a

more defined way to assess the microscopic features of HCC. In the present study, we explored

whether Wnt and Hh pathway gene expression profile could be used to grade and stage HCC

more precisely.

Our DEN-induced hepatocarcinogenesis model in Wistar rats resulted in 100% tumor inci-

dence, small focal nodules during early phases and increased bilirubin level in DEN-treated

animals revealing liver function alteration which is the first sign of diseased liver including car-

cinogenesis. The strong positive correlation between liver-weight and body-weight of each

Table 2. Patients details with HCC grade/stages.

Serial No. Age Sex Stage/Grade

1 72 Male Stage-4

2 72 Female Stage-2

3 50 Male Stage-2

4 35 Male Stage-3c

5 80 Male Stage-3

6 57 Male Stage-2

7 70 Male Stage-2

8 63 Male Stage-3

9 56 Female Stahe-3c

10 76 Male Stage-3

11 51 Female Stage-3c

12 73 Male Stage-3a/3b

https://doi.org/10.1371/journal.pone.0208194.t002
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animal in each group suggested that active regeneration is taking place after DEN-CCl4 treat-

ment. Notably, the R^2/PE value was maximum in the promotion-group which is associated

with the maximum activity of Wnt and Hh pathway and consequently and genes involved in

cell-proliferation were active during this stage.

As hepatocarcinogenesis is a multistep process which involves various molecular changes

and associated phenotypes, so we performed expression analysis of various Wnt and Hh path-

way molecules during the initiation, promotion, and progression stages. Our results demon-

strated the membranous expression of β-catenin in the initiation-group animals was feebly

increased as compared to the control. There was more nuclear expression of β-catenin in pro-

motion-group which further increased in progression-group animals (Fig 2A and 2B), these

results uphold the previously published work by Suzuki et al., (2002) [24]. The cytoplasmic

expression of β-catenin was modest and only minor nuclear expression was found in initia-

tion-group (Fig 2B). Our data demonstrates that total β-catenin is getting reduced in progres-

sion group but overall nuclear expression of β-catenin is increased in the same group (Fig 2B).

We examined cell-proliferation at different stages of DEN induced hepatocarcinogenesis by

investigating the PCNA expression level (Fig 2A and 2D). We found a very strong positive cor-

relation between β-catenin and PCNA expression among all group of animals (Fig 2E) which

suggest β-catenin plays important role in tumor promotion by stimulating tumor cell-prolifer-

ation. Furthermore, the nuclear expression of β-catenin was more in the progression-group

animals, and it is already reported that nuclear expression of β-catenin is associated with inva-

siveness and metastasis in colorectal carcinoma[25]. Additionally, Inagawa et al.,(2002) dem-

onstrated that nuclear accumulation of β-catenin in HCC is associated with tumor progression

and poor prognosis, particularly in poorly-differentiated HCC patients[26].

Our results demonstrate that the expression level of Gli1, which is a marker for Hh pathway

activation, was modest in the initiation-group and was increased significantly in the promo-

tion-group animals particularly the nuclear expression of Gli1 was more in promotion group

(S2A Fig). The increase in Gli1/2 was associated with a similar increase in sFRP1, an inhibitor

of Wnt pathway (Fig 3A and S2B Fig). Although the expression level of sFRP1 was not much

in tissue-sections of promotion-group and decreased in the progression-group as demon-

strated by IHC staining of liver tissue-section (Fig 3A) and ELISA of tissue-lysates (S2B Fig).

But the level of sFRP1 was significantly more in the blood serum of promotion- and progres-

sion-group (Fig 3B) which suggest the importance of secreted form. He et al., (2006) reported

that Gli1 transcriptionally activate sFRP1 which in turn inhibits Wnt signaling pathway[21],

suggesting the regulation of Wnt signaling pathway by Hh signaling pathway. However, in our

experimental model it is likely that sFRP1 only modestly affect β-catenin /Wnt signaling path-

way. sFRP1 is known to be expressed as cytoplasmic, extracellular, and secreted form.

Although in many cancers sFRP1 is inactivated due to epigenetic modification [27–28], but it

is also known to be over-expressed in gastric cancer and renal cell carcinoma [29–30] where it

is associated with tumor aggressiveness, metastasis, and decreased overall survival. It has been

reported that sFRP1 over-expression in gastric cancer cells correlates with the activation of

TGF β-catenin pathway, which is in-turn responsible for the invasiveness of cancer[29].

Noticeably it has been demonstrated by Qu et al., (2013) that sFRP1 can be used as a biomarker

for aggressive gastric cancer [29].

The sFRP1 expression is known to activate GSK3β through different pathways [22]. GSK3β
is a key component of various signaling pathways including Wnt and Hh, and is known to

negatively regulate both pathways. Our data demonstrated a strong positive correlation

between sFRP1 and GSK3β expression among all stages of hepatocarcinogenesis (Fig 3F).

The activation of β-catenin as an early event in hepatocarcinogenesis is already reported

[31]. The β-catenin expression and role have been studied in a number of cancers including
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HCC but it has not been studied in the context of histopathological heterogeneity of cancers.

In our results the Wnt pathway was activated in the early phase of HCC initiation (TE)

although it was a modest activation which later became significant in the later-initiation (TL)

phase. The Wnt target genes also got activated in the similar way suggesting the role of Wnt

pathway in the initiation stage of hepatocarcinogenesis (Fig 4A–4D). Increased protein expres-

sion in the early phase is due to increased transcription as evident by the increase in mRNA

level of Wnt pathway molecules (Fig 4A). The activation of Wnt signaling correlates ade-

quately with the well-differentiated histological-pattern of HCC (Fig 4B). The target genes of

Wnt pathway like cyclin D1, cyclin B1, c-Myc significantly increased during the late-initiation

(TL) phase (Fig 4C and 4D). These findings suggest that Wnt pathway activated during the ini-

tiation stage of DEN-induced hepatocarcinogenesis in Wistar rats and correlates with the well-

differentiated histological-pattern of HCC.

The Hh activity significantly increased during the early promotion stage of hepatocarcino-

genesis which is simultaneously associated with increased expression and activity of Wnt path-

way (Fig 5A–5C). All the molecules of Wnt and Hh pathways demonstrated maximum level of

expression during the promotion stage of hepatocarcinogenesis, as evident by our IHC,

ELISA, and qRT-PCR results (Primers listed in Table 1). Higher expression and activity of

both Wnt and Hh pathways were associated with a thick trabecular-pattern which corresponds

to the moderately-differentiated HCC (Fig 5A). On the other hand the progression-group ani-

mals were associated with a modest decrease in Wnt activity in TE phase which was more sig-

nificant during the TL phase (Fig 6A, S3A and S3B Fig). The increased Wnt and Hh pathway

activity during promotion stage were simultaneously associated with an increase in expression

of MMP9 (Fig 6B), which sustained until progression stage although it got reduced in serum

samples of progression-group animals as demonstrated by our ELISA data (S3C Fig). In HCC

MMP9 expression and activity is predictive of metastatic and invasive carcinoma [32]. Our

results demonstrated increased expression of MMP-9 from initiation through progression

stage of hepatocarcinogenesis, which is in agreement with the previously published report[33].

Furthermore, our data demonstrated that during the progression stage Wnt pathway expres-

sion and activity decreased modestly as compared to promotion stage, but the Hh pathway

expression and activity sustained. Moreover, the sustained activity of Hh pathway is associated

with the aggressive and invasive phenotype of HCC as evident by our in vitro results in HCC

cell-line Hep3B. After treatment with purmorphamine, an activator of Hh pathway, the migra-

tion of cells increased (S4 Fig). Several studies have shown that Hh signaling is involved in reg-

ulating motility of various cell-types [34–35]. Feldmann et al., (2007) reported that inhibition

of Hh signaling hinders pancreatic cancer invasion and metastasis [36]. Furthermore, the role

of Hh signaling pathway in proliferation and invasiveness of HCC cells has also been reported

[37]. All these studies support our finding that sustained activation of Hh pathway is associated

with progression stage of hepatocarcinogenesis as well is coupled with the solid histological-

pattern and poorly-differentiated histopathology(Fig 6A upper panel). On the other hand the

β-catenin activity increased during the progression stage of hepatocarcinogenesis post LiCl

treatment in DEN+CCL4 treated rats as evident by our IHC result(S5 Fig). LiCl is a known

activator of Wnt pathway which increased β-catenin expression by inhibiting GSK3β [38–39].

Higher expression and activity of β-catenin was associated with a thin trabecular-pattern

which corresponds to the well-differentiated histological pattern of HCC instead of moderately

or poorly-differentiated histological pattern.

Furthermore, the expression analysis of Wnt and Hh pathway genes in HCC patients’ sam-

ples available at TCGA data-base supported our results and facilitated the molecular under-

standing of HCC histopathology. The heat-map showing expression level of different Wnt and

Hh pathway genes revealed the higher expression level of most of the Wnt pathway genes was
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during the early stages of hepatocarcinogenesis (started from stage 3), while the expression

level of Hh pathway genes were more during the intermediate and late stages (stage 3a and

above) as demonstrated in Fig 6C. We observed high level of Gli1/2 above stage 3a and signifi-

cantly high level of sRFP1 in stage 3c patients, which is consistent with our in vivo data repre-

senting increased level of sFRP1 in progression-group animals. These results were also

corroborated by the serological analysis of sFRP1 in blood-samples of HCC patients of differ-

ent stages, demonstrating higher level of sFRP1 in higher stage patients (Fig 6D) which

included patients of stage 3a and above. There are few reports which indicate the hypermethy-

lation of sFRP1 promoter in HCC which is responsible for its silencing[40–41], but most of

these reports deals with the promoter methylation and expression level of sFRP1 in HCC cell-

lines. Moreover, Shih et al., (2006) demonstrated the extent of sFRP1 promoter methylation in

HCC cell-lines and patients samples. They reported that sFRP1 inactivation due to promoter

methylation was predominantly above 65% in HCC cell-lines compared to the HCC patients

samples which were predominantly below 48%[42]. Furthermore, they also demonstrated that

sFRP1 promoter methylation decreased significantly compared to the HCC patients (48.2%),

than in patients with cirrhotic liver (21.4%) and chronic hepatitis (14.3%). These results infer

that the extent of sFRP1 promoter methylation and inactivation in HCC patients is highly

dependents on the epidemiology of HCC. Besides, Davaadorj et al., (2016) demonstrated that

a higher expression of sFRP1 in HCC patients significantly correlated with higher age group of

patients, with most of the patients above 65 years of age expressing higher level of sFRP1[43].

Interestingly, we also observed that most of the patients who were above 65 years old were

associated with higher level of sFRP1 (Table 2), although one of the limitation of our research

was working with small number of patients. Furthermore, the high level of sFRP1 in higher

stage HCC patients could be used as a potential biomarker for HCC. Furthermore, sFRP1 has

been demonstrated to be a potential biomarker in breast cancer survivors[44] which support

the notion that serological sFRP1 could be a potential biomarker for HCC.

Advanced HCC could be either moderately-differentiated or poorly-differentiated but clinically

these two cases have always been treated inseparably. The outcome of curative treatments like sur-

gical resection and liver transplantation for poorly-differentiated HCC patients was worse than the

moderately- or well-differentiated HCC patients as described Jonas et al., 2001[45]. So for a better

clinical outcome, the molecular differentiation of these two cases of advanced HCC is of utmost

importance. Besides, it is already known that morphologically similar HCC can show different

therapeutic response, which might be due to different molecular signatures. So integration of infor-

mation regarding expression level of Wnt and Hh pathway molecules during grading and staging

of HCC might improve its stratification for the selection of available therapeutic strategy.

Conclusively, our data uncover the grade-related expression of Wnt and Hh pathway mole-

cules which is simultaneously associated with a shift in histological pattern from well-differen-

tiated to poorly-differentiated (Fig 6E). The dynamic natures of HCC histopathology must be

taken into consideration before deciding the stage specific treatment plan. Although, the het-

erogeneous nature of HCC is well documented but its role in histopathology and allied molec-

ular connection was not thoroughly investigated. Wnt and Hh pathway genes differentially/

distinctly expressed in lower/higher stage/grade have a potential utility for treatment of HCC

patients based on tumor characteristics and behavior.

Materials and methods

Reagents and antibodies

N-Nitrosodiethylamine (DEN, Cat:N0258), GoTaq Green Master Mix (Cat:M712B) were pur-

chased from Sigma Aldrich and Promega respectively. TRIzol reagent (Cat:15596026), Verso
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c-DNA synthesis kit (Cat:AB1453A) were purchased from Thermo Fisher Scientific, Inc.

(USA). Primary antibodies β-Catenin (Cat: SC-7963), Wnt3 (Cat: ab50341), PCNA (Cat: SC-

56), Gli1 (Cat: SC-20687), Gli2 (Cat: SC-28674), sFRP1 (Cat: ab126613), MMP9 (Cat: SC-

393859), GSK3β (Cat: SC-9166), Shh (Cat: SC-9024), CyclinD1(Cat:SC-20044), CyclinB1(Cat:

SC-752) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). A horseradish per-

oxidase (HRP) conjugated goat anti- rabbit IgG, goat anti-mouse IgG secondary antibodies

(Cat: ab97200 and ab97265 respectively), Rabbit Specific HRP/DAB (ABC-IHC) Kit (Cat:

ab64261) were purchased from Abcam.

In vivo experiments and Hepatocarcinogenesis model

In vivo studies were performed with male Albino Wistar rats of 120-150g body weight, which

were procured from the laboratory animal facility of KIIT School of Biotechnology. They were

housed in standard temperature/ humidity conditions and environment (12hr light/dark

cycle). All animals were provided standard pellet diet and water ad libitum. All the experimen-

tal protocols were approved by the Institutional Animal Ethics Committee (IAEC, KIIT School

of Biotechnology, Bhubaneswar, India).

The rats were randomly and evenly allocated into four groups, six rats in each group. All

animals were acclimatized for two weeks before starting the experiment. The DEN + CCl4

model of rat hepatocarcinogenesis was followed in our experiment. N-Nitrosodiethylamine

(DEN) was administered in group 1, 2, and 3 as 100 mg/kg body weight per week for three

consecutive weeks. After 1 week of recovery period, the promoting reagent CCl4 was given

2ml/kg body weight of rats weekly twice for consecutive 8 weeks. Group 1, 2, and 3 were

assigned as initiation stage, promotion stage, and progression stage animals. At the completion

of the 8 week treatments, and after latency period of two weeks we observed altered hepatic

foci or morphologically recognizable lesions in DEN treated animals. The rats were sacrificed

under anesthesia at two time points early (TE) and late (TL) for each group which were sepa-

rated by the interval of one week to show the extent of histological pattern in each group.

Before sacrifice the total food-water intake and body weights were recorded.

RNA extraction and reverse transcription-quantitative polymerase chain

reaction (RT-qPCR) analysis

Total RNA was extracted from the rat liver tissues with TRIzol reagent in accordance with the

manufacturer’s instructions reverse transcription was performed in total volume of 20μl using 2μg

of total RNA by Verso c-DNA synthesis kit. To quantify the changes in m-RNA level reverse tran-

scription PCR and RT-qPCR were performed on the CFX Connect Real-Time PCR Detection

System (Life-Technology, BIORAD). RT-PCR was performed by using GoTaq Green Master

Mix. For this purpose β-catenin, Gli1, Gli2, Wnt3, Shh, SmoH, Ptch1, cMyc, CyclinD1, Cox2,

Dkk1, TCF genes were used. PCR primers are designed based on human mRNA sequence. PCR

products were separated by electrophoresis in 1% agarose gel, visualized by 0.5ug/ml ethidium

bromide staining for 40mnts. The gel image and intensity of each band was measured by GEL--

DOC Image software (BIO-RAD). q-PCR was performed by using SsoFast EvaGreen Supermix

(BIORAD) with the following cycling conditions: 95˚C for 5min, followed by 34 cycles of 95˚C

for 15sec and 60˚C for 25sec. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was

used as the internal control. The primer details and cycles were described in Table 1.

ELISA

The detection of serum samples collected from rats, whole cell lysates from rat liver tissues and

human patient samples was done by Indirect ELISA method. Briefly, the protein antigen (1μg/ml
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conc.) was mixed with coating buffer (0.05 M) and coated onto 96 well microplate. The plate was

then incubated overnight at 4˚C followed by washing with 1X PBST and then blocking with1%

BSA at room temperature for 2hrs. Then primary antibodies (1:2000dilution) were added into

each well and incubated 2hrs at room temperature followed by washing thrice with 1X PBST. The

wells were then incubated with secondary HRP linked antibody (1:2,500 and 1:5000 dilutions

according to the primary antibody) for 45mints at room temperature. After washing thrice with

1X PBST, 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) or ABTS substrate solution

was added and absorbance was read at 410 nm using ELISA microtitreplate reader (EPOCH).

Histopathology and Immunohistochemistry

a. Histopathology analysis was done for the paraffin embedded tissue sections. The sections were

deparaffinize and rehydrated in xylene followed by 100%, 95%, 80% ethanol and dH2O. Then

the sections were stained by Hematoxylin and rinsed with dH2O to allow stain to develop.

After that sections were dipped in acid-ethanol to destain and again rinsed with dH2O. Sec-

tions were stained with Eosin for 30sec, then dehydrated with 95%ethanol followed by 100%

ethanol and xylene. Finally sections were mounted by coverslips with permount taking care to

leave no bubbles and kept in the laminar hood to dry overnight. Imaging of the stained slides

was done using Leica (DM 2000) bright-field microscopy. The pathological analysis of control

and treated animals were done by evaluating both macroscopic and microscopic features of

liver tissues. The slides were reviewed blindly by two pathologists and graded with respect to

their histological characteristics as per WHO criteria for human and rat HCC [8,41].

b. Immunohistochemistry analysis was done for tissue sections taken over poly-L-lysine coated

slides. The tissue sections were taken from formalin fixed, paraffin embedded blocks. Sections

were cut 4μm thick. Immunostaining was done by the use of Rabbit Specific HRP/DAB

(ABC-IHC) Kit. The experiment was done according to the manufacturer’s protocol. Imaging

of the stained slides was done using Leica (DM 2000) bright-field microscopy and the intensity

score of each images was calculated by Immuno-Ratio Analysis software.

HCC patients sample and TCGA data analysis

Blood samples from 6 control and 12 HCC patients of different stages were obtained from

department of Gastroentrology & Hepatobiliary Sciences, IMS & SUM Hospital, Bhubanes-

war, India. The blood samples were processed to obtain serum and were analyzed for sFRP1

expression level by Indirect ELISA method. The protocol was approved by Institutional Ethical

Committee (IEC, Institute of Medical Sciences and SUM Hospital, S ’O’ A University. Bhuba-

neswar, India) and written consent was taken by the patients. The information regarding

patients age and stage is given in Table 2.

TCGA database was utilized for accessing HCC patients’ genomic data. As the TCGA data-

base provides accessibility of large scale genomic datasets for analysis based on extensive co-

operation, we courteously utilized the datasets. The TCGA LIHC datasets were analyzed con-

sisting of maximum 10 patients in some stages of HCC. Not all stages had 10 patients as for

some stages maximum available patient data was limited (Stage1: 10, Stage2: 10, Stage3: 6,

Stage3a: 9, Stage3b: 8, Stage3c: 10, Stage4: 6).

Statistical analysis

The data presented is the Mean±SD of three independent experiments. Changes in gene

expressions and cytoplasmic-nuclear staining were analyzed by two way analysis of variance
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(ANOVA) using Grpah-Pad Prism5. The fold change of m-RNA was used as variables to com-

pare samples between different treatment groups. Statistical analysis for ELISA readouts of tis-

sue lysates were carried out using two tailed analysis,�p<0.05, ��p<0.005, ���p<0.0005 were

considered to be significant.

Supporting information

S1 Fig. Linear regression and extent of correlation was established between body weight

and liver weight of animals of control, group1, group2, and group3. The graphs revealed

that there is a significant correlation (R2/P.E>6) between liver weight and body weight in

group1, 2, and 3 animals. To determine extent of correlation, probable error (PE) of coefficient

of correlation was calculated with the formula PE = 0.6745(1-R2)/(6)1/2 (Fig 1C(a-d)). Panel

(a) shows linear regression analysis graph for control, panel (b) for group1, panel (c) for

group2, and panel (d) for group3 animals. These results depict considerable regeneration of

liver taking place after DEN and CCl4 treatment.

(TIF)

S2 Fig. Expression level of Gli1 with increasing sFRP1. (A) Graph showing the number of

positive stained cells for nuclear, and cytoplasmic staining of Gli1. The number of positive

cells were counted belonging to five different fields of five different sections of control, group1,

group2 and group3 animals. (B) Expression level of sFRP1 in the rat tissue lysates of different

groups (group1,2 & 3) with control one by indirect ELISA method. Here the expression level is

higher in group2 as compared to control. Data presented are representative of three indepen-

dent experiments performed in triplicates and expressed as Mean±S.D. �� and ��� differs sig-

nificantly at p<0.005 and<0.0005.

(TIF)

S3 Fig. Expression level of Wnt and Hh pathway molecules in progression stage animals.

(A) Expression level of Wnt and Hh pathway molecules in tissue lysates of control and DEN

treated animals by ELISA method. (B) Expression level of Wnt and Hh pathway molecules in

mRNA by RT-PCR method. (C) Expression level of MMP9 in the blood serum of control and

DEN treated animals of different stages. Data presented are representative of three indepen-

dent experiments performed in triplicates and expressed as Mean±S.D. �, �� and ��� differs sig-

nificantly at p<0.05, <0.005 and <0.0005.

(TIF)

S4 Fig. Wound healing assay in the presence of purmorphamine (Pur). Hep3B cells were

plated and treated with Pur. Before plating the cells, two parallel lines were drawn at the under-

side of the wells, to serve as marks demarcating the wound areas to be analyzed. Prior to inflict-

ing the wound, the cells were 80–90% confluent. The media was aspirated off and replaced by

the complete media with or without Pur. The wounds were observed using bright- field

microscopy at various time points 0hr, 12hrs, 24hrs and multiple images of that areas were

taken.

(TIF)

S5 Fig. Expression levels of β-catenin post LiCl treatment. Animals were intraperitonially

injected with LiCl(100mg/kg body weight) for 10 days after DEN+CCL4 treatment. Routine

histopathology was performed on liver sections obtained from control and post LiCl treated

animals. IHC staining of β-catenin was performed in treated liver tissue sections with control

one. The corresponding IHC staining intensity graph is shown in the side panel of figures. Y-
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axis represents labeling index (%) visual score in each intensity graph.

(TIF)

S6 Fig. Arrive checklist-Word version.

(DOCX)
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