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Activation of RAS/ERK signaling pathway, depletion of retinoid, and phosphorylation of retinoid X recep-
tor alpha (RXRa) are frequent events found in liver tumors and thought to play important roles in hepatic
tumorigenesis. However, the relationships among them still remained to be elucidated. By exploring the
transgenic mouse model of hepatic tumorigenesis induced by liver-specific expression of H-ras12V onco-

Keywords: gene, the activation of RAS/ERK, the mRNA expression levels of retinoid metabolism-related genes, the
:‘mS],ZV contents of retinoid metabolites, and phosphorylation of RXRa were determined. RAS/ERK signaling
R)E(E;“c tumor pathway was gradually and significantly activated in hepatic tumor adjacent normal liver tissues (P)

and hepatic tumor tissues (T) of H-ras12V transgenic mice compared with normal liver tissues (Wt) of
wild type mice. On the contrary, the mRNA expression levels of retinoid metabolism-related genes were
significantly reduced in P and T compared with Wt. Interestingly, the retinoid metabolites 9-cis-retinoic
acid (9cRA) and all-trans-retinoic acid (atRA), the well known ligands for nuclear transcription factor RXR
and retinoic acid receptor (RAR), were significantly decreased only in T compared with Wt and P,
although the oxidized polar metabolite of atRA, 4-keto-all-trans-retinoic-acid (4-keto-RA) was signifi-
cantly decreased in both P and T compared with Wt. To our surprise, the functions of RXRa were signif-
icantly blocked only in T compared with Wt and P. Namely, the total protein levels of RXRa were
significantly reduced and the phosphorylation levels of RXRa were significantly increased only in T com-
pared with Wt and P. Treatment of H-ras12V transgenic mice at 5-week-old or 5-month-old with atRA
had no effect on the prevention of tumorigenesis or cure of developed nodules in liver. These events
imply that the depletion of 9cRA and atRA and the inhibition of RXRa function in hepatic tumors involve
more complex mechanisms besides the activation of RAS/ERK pathway.

© 2014 Elsevier Inc. All rights reserved.

Retinoic acid

1. Introduction has been proved to be an efficient treatment for HCC patients

[7,8]. Also, the depletion of retinoid has been frequently found in

Hepatocellular carcinoma (HCC) is the seventh most common
cancer and the third leading cause of cancer related mortality
worldwide [1]. Annually, more than 620,000 new patients are diag-
nosed with this disease and one-year survival rates remain less
than 50% [2]. The main risk factors such as viral hepatitis, alcohol
abuse, aflatoxin, metabolic disorders (e.g., long-lasting diabetes
mellitus), and fatty liver contribute to increasing incidence rates
of HCC [3-6]. Independent of the above risk factors, numerous
researches showed that the hyperactivation of Ras-dependent sig-
nal transduction pathway is a frequent event in human hepatocar-
cinogenesis and the inhibitor of Ras-mediated signaling pathway
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HCC [9] and epidemiological and experimental reports showed
that application of retinoid atRA can prevent liver cancer [10]. In
addition, phosphorylation of RXRa is also a frequently observed
event in HCC [11] and the acyclic retinoid (ACR), a synthetic
retinoid which is believed to recover the RXRoa function, exerts
chemopreventive effects in HCC patients [12]. However, relation-
ships among the activation of Ras-mediated signaling pathway,
depletion of hepatic retinoid, and phosphorylation of RXRa still
remained to be elucidated.

It has been suggested that the activation of RAS/ERK pathway
could repress the expression of retinoid metabolism-related
cytochrome P450 (CYP) genes [13,14] and phosphorylate RXRo
[11,12]. However, these findings were few verified in spontane-
ously developed hepatic tumors induced by ras oncogene
in vivo. Animal models are useful tools for understanding the
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underlying molecular mechanisms in the process of hepatocarci-
nogenesis, especially for the early stages [15]. We have estab-
lished transgenic mice lineages expressing H-ras12V oncogene
special in hepatocytes and developing liver tumors with high
reproducibility at the appropriate time [16]. In this study, by
exploring this hepatic tumorigenesis model, we found that the
activation of the RAS/ERK pathway alone in hepatic tumor adja-
cent normal liver tissues of transgenic mice was not efficient to
induce the depletion of retinoid and the inhibition of RXRa func-
tion. But these events did happen in hepatic tumor tissues of
transgenic mice. Therefore, additional molecular changes must
be involved besides the activation of RAS/ERK pathway. Moreover,
due to the depletion of retinoid and inhibition of RXRa function
happened only in hepatic tumors, the contribution of them to
oncogene ras-induced hepatic tumorigenesis remains to be fur-
ther elucidated.

2. Materials and methods
2.1. Experimental animals and histopathological examination

Procedures for animal handling and tissue sampling were con-
ducted in compliance with protocols approved by the Animal Care
and Use Committee of Dalian Medical University. C57BL/6] wild
type mice and H-ras12V transgenic mice were breeding and
housed in Laboratory Animal Center of Dalian Medical University.
Eight-month-old males were killed and parts of wild type normal
liver tissues (Wt), hepatic tumor adjacent normal liver tissues (P)
and hepatic tumor tissues (T) of H-ras12V transgenic mice were
removed and immediately flash-frozen in liquid nitrogen. The
remaining tissue parts were fixed in 10% neutral buffered formalin,
embedded in paraffin, sectioned, and stained with hematoxylin
and eosin using standard methods, and then underwent histopa-
thological examination. The morphological diagnosis confirmed
Wt, P and T tissues were used for the subsequent experimental
procedures.

2.2. Different gene expression by next generation sequencing (NGS)
analysis

Tissues from five wild type mice and five H-ras12V transgenic
mice were chosen for total RNA extraction by TRIzol reagent (Invit-
rogen, Grand Island, NY). Total RNA quantity and concentration
was analyzed on a ND-8000 spectrophotometer (Nanodrop, Tech-
nologies, Wilmington, DE).

Due to the consistent inbred genetic background, the definite
etiology (ras oncogene) for hepatic tumor development and the
consistent pathological features of the samples in each group, the
total RNA samples from the same group were mixed equivalently
to generate three composite samples, i.e., Wt, P and T. Preparation
of the mRNA sample for RNA-Seq analysis was performed using the
TruSeq® RNA LT Sample Prep Kit v2 (Illumina, San Diego, CA). The
template molecules were used for cluster generation and sequenc-
ing on the Illumina HiSeq 2000 (Illumina, San Diego, CA) instru-
ment. One sample per lane was used to generate 50 bp single
end reads. Read alignment was performed by using Tophat v1.3.2
to the UCSC Mouse reference genome (mm10, http://genome.ucsc.
edu/). Transcript assembly and quantification were performed by
Cufflinks v2.0.2 to process the Tophat alignments. The assembled
Cufflinks transcripts were processed with the Cuffcompare
analytical strategies to detect differentially expressed genes. The
database for annotation, visualization, and integrated discovery
(DAVID) v6.7 was used to interpret the differentially expressed
gene pools.

2.3. RT-qPCR

Total RNA was isolated from another sample sets from Wt, P,
and T using the TRIzol reagent (Tiangen, Beijing, CHN). According
to manufacturer’s instructions, 3 pug of total RNA were reverse
transcribed to single-stranded cDNA using a reverse transcription
system (Tiangen, Beijing, CHN) and then performed qPCR experi-
ments using SYBR Green (Real Master Mix (SYBR Green), Tiangen)
on Applied Biosystems StepOnePlus Real-Time PCR System. The
primers used to detect the expression of target genes were showed
in Table S1. A separate RT-qPCR using primer for the detection of
18s was used as a control.

2.4. Determination of retinoid metabolites in liver samples by LC-MS/
MS

A 50 mg tissue sample was homogenized in 300 pL distilled
water and then extracted with 1.2 mL ethylacetate. The upper
organic layer was collected and evaporated to dryness at 40 °C
under a gentle stream of nitrogen gas. The residue was dissolved
in 200 pL mobile phase. A 10 pL aliquot was injected into the
LC-MS/MS instrument (API 3200; Applied Biosystems, Foster City,
CA, USA) for analysis. Quantification was done using the multiple
reaction monitoring (MRM) transition m/z = 299/255 for atRA and
9cRA, m/z=313/269 for 4-KETO-at-RA, and m/z = 283/283 for at-
RAL and 9-cis-RAL. The declustering potential (DP) was set at
35eV, 25 eV and 38 eV and the entrance potential (EP) was set at
22 eV, 20eV and 22 eV, respectively.

The chromatograph was equipped with a Cap Cell Pack Cig
(150 x 2.1 mm i.d., 3.5 pm) analytical column. The mobile phase
was consisted of methanol-0.5% ammonium acetate aqueous solu-
tion for a gradient elution at 0-3 min (20:80, v/v), 3-20 min
(20 - 100:80 — 0, v/v), and 22-30 min (20:80, v/v) at a flow rate
of 0.5 mL/min.

2.5. Western blotting

Tissue lysates were prepared by homogenizing flash-frozen tis-
sues in lysis buffer. For Western blot analysis, equal amounts
(30 mg) of proteins were resolved by SDS-PAGE and transferred
to a polyvinylidene difluoride membrane (Millipore, Billerica,
MA). The membranes were probed with the primary and secondary
antibodies: anti-RXRa (AN 197) SC-774 and horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA); anti-phospho-p44/42 Map Kinase
(Thr202/Tyr204) and anti-44/42 Map Kinase antibodies (Cell Sig-
naling, Frankfurt, Germany); anti-RXRo polyclonal antibody
(21218-1-AP) (Proteintech Group, USA); anti-GAPDH (Trevigen,
Gaithersburg, MD); and HRP-conjugated goat anti-mouse IgG
(Amersham Biosciences, Buckinghamshire, UK). Positive bands
were detected using the Enhanced Chemiluminescence system
(BeyoECL Plus) (Beyotime Institute of Biotechnology, CHN).

2.6. Treatment of mouse with all-trans retinoic acid (atRA)

Thirty H-ras12V transgenic mice, randomly divided into two
groups, were treated with feeding atRA (8.33 mg/kg/day). The
treatment of one group started at 5-week-old and another at
5-month-old. Ten H-ras12V transgenic mice without treatment
were used as control group. At 8-month-old, the mice were
sampled and the data related to the liver/body weight and patho-
logical changes, number and size of tumor were collected and
analyzed.
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2.7. Statistical analysis

Data were presented as means * S.D. Differences in means were
analyzed by Student’s ¢ test. Pathological change incidence (%) was
analyzed by chi-square analysis. P values <0.05 were considered
significant.

3. Results
3.1. H-ras12V transgenic mice developed liver tumors at 8-month-old

We classified the hepatic tumors as hepatic adenoma (HCA) and
hepatocellular carcinoma (HCC) according to the modified meth-
ods of Frith and Ward [16]. For H-ras12V transgenic mice, gross
findings for hepatic tumors were a yellowish-brown color, and
were of various sizes with single or multiple nodules in the liver
(Fig. S1B). Microscopic HCA lesions were relatively well-circum-
scribed and the hepatocytes around the tumor lesions were com-
pressed (Fig. S1D). The HCC was: (1) large in size, and typically
more than 5 mm in diameter; (2) showed a trabecular arrange-
ment of tumor cells; and (3) contained highly anaplastic cells with
evidence of necrosis (data not shown). All HCA (Fig. S1D) and HCC
showed abundant fatty deposits. No signs of cirrhosis, inflamma-
tion, and necrosis were detected. For liver tissues of wild type mice
and hepatic tumor adjacent normal liver tissues of H-ras12V trans-
genic mice, no histopathological changes were detected (Fig. S1).
We performed the following experiments based on the samples
from liver tissues of wild type mice (Wt), hepatic tumor adjacent
normal liver tissues (P) and HCA tissues (T) of transgenic mice.
The HCA tissues were selected because they were in the early stage
of tumorigenesis and represented the majority type of hepatic
tumors developed in H-ras12V transgenic mice at 8-month-old.

3.2. The mRNA expression levels of genes related to retinoid
metabolism were significantly reduced in H-ras12V transgenic mice

In order to investigate if the mRNA expression levels of retinoid
metabolism-related genes were regulated in H-ras12V induced
tumors, the Next Generation Sequencing (NGS) analysis was per-
formed to screen the mRNA expression profile and the DAVID
v6.7 software was used to analyze the enrichment of GO terms.
To our surprise, the retinoid metabolism was rated to the top three
significantly changed pathways among Wt, P and T in pair-wise
comparison (Fig. S2). And the significantly changed genes were
mainly related to the metabolism from 9-cis-retinal (9cRAL) and
all-trans-retinal (atRAL) to 9-cis-retinoic acid (9cRA) and all-
trans-retinoic acid (atRA), respectively, and from atRA to oxidized
polar metabolites such as 18-hydroxy-retinoic acid, 4-Keto-reti-
noic acid (4-Keto-RA), and retinoyl B-glucuronide (Fig. S3). To con-
firm the data from the NGS analysis, eight genes were selected for
further analysis by RT-qPCR. Consistent to the NGS data, the exam-
ined retinoid metabolism-related genes were significantly reduced
in the P and T tissues compared with Wt (Fig. 1, Table S2). Interest-
ingly, the majority of the significantly changed cytochrome P450
(CYP) genes, including the retinoid metabolism-related CYP genes,
were significantly down-regulated in both P and T compared to Wt
along with RAS/ERK activation by NGS analysis (Table 1, Table S3).

3.3. Retinoid metabolites were significantly reduced in tumor tissues of
H-ras12V transgenic mice

To find out if the down-regulated expression of retinoid metab-
olism-related genes resulted in the decreased contents of retinoid
metabolites, LC-MS/MS was used to detect the concentrations of
retinoid metabolites in the samples. As expected, there was no

significant difference for 9cRAL contents among Wt, P, and T
tissues (Fig. 2A). Interestingly, although there was no significant
difference between Wt and P for the contents of atRA and 9cRA,
both of them were significantly reduced in T tissues compared to
the Wt and P (Fig. 2B and C). The content of 4-Keto-RA was signif-
icantly reduced in both P and T compared to Wt tissues (Fig. 2D). In
addition, no difference was detected among Wt, P, and T tissues for
the content of atRAL (data not shown).

3.4. RXRo was only significantly phosphorylated in tumor tissues of H-
ras12V transgenic mice

It has been reported that RAS/ERK pathway can phosphorylate
the RXRa and disable its functions in human HCC [11]. To confirm
this event in H-ras12V transgenic mice, the total protein and
phosphorylation level of ERK, and the mRNA, total protein and
phosphorylation level of RXRa. were examined in Wt, P, and T
samples. The level of p-ERK was elevated not only in T, but also
in P tissues compared to Wt, even though the level of p-ERK in T
tissues was much higher than P. Interestingly, the total protein
level of ERK was elevated only in T tissues compared to Wt and P
(Fig. 3A). Although there was no difference among Wt, P, and T tis-
sues in the mRNA level of RXRa (Fig. 3B), the total protein level of
RXRa was much reduced in T tissues compared to Wt and P. To our
surprise, the level of p-RXRa was significantly elevated only in T
tissues compared to Wt and P (Fig. 3A). These results indicate that
additional mechanisms must be involved for the post-transcript
regulation of RXRa and the phosphorylation of RXRa in T tissues
besides the activation of RAS/ERK pathway.

3.5. No effect of atRA on preventing the liver tumorigenesis and curing
the developed hepatic nodules induced by H-ras12Voncogene

It was reported epidemiologically and experimentally that atRA
could prevent cancer in various organs including the stomach,
breast, lung, prostate, and liver [10]. In H-ras12V transgenic mice,
there is no histopathological change could be detected in liver
tissues at 5-week-old. However, at 5-month-old, the mice develop
multiple hepatic nodules [16]. To investigate if the atRA could
prevent the tumorigenesis and cure the developed nodules
induced by H-ras12V, the atRA was feed to 5-week-old and
5-month-old H-ras12V transgenic mice and, at 8-month-old, the
mice were sampled. The results showed that no difference was
detected for size, number (Fig. 4A and B), and histopathological
change (data not shown) of hepatic tumors, and for the liver/body
weight (Fig. 4C) between treated and untreated H-ras12V trans-
genic mice. These data indicate that atRA alone is not efficiency
to prevent the tumorigenesis and cure the developed nodules
induced by ras oncogene.

4. Discussion

In present study, no difference was detected for the protein lev-
els of total RXRa or p-RXRa in P tissues compared to Wt, even
though the RAS/ERK pathway was significantly activated in P. Curi-
ously, the functions of RXRa were significantly blocked in T tissues.
Namely, the total protein level of RXRa was significantly down-
regulated and the phosphorylation level of RXRa was significantly
up-regulated in T tissues compared with Wt and P (Fig. 3A). While,
no significant difference was detected for the mRNA expression
levels of RXRot among Wt, P, and T tissues (Fig. 3B). Taken together,
these data indicate that activation of RAS/ERK pathway alone does
not effectively inhibit RXRa function. Thus, additional mechanisms
must be involved in post-transcription regulation and phosphory-
lation of RXRa in hepatic tumor cells besides RAS/ERK activation.
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Fig. 1. The mRNA expression levels of retinoid metabolism-related genes confirmed by qRT-PCR. The mRNA expression levels of genes were normalized to 18s. Wt: wild type
mice; P: hepatic tumor adjacent normal liver tissues; T: hepatic tumor tissue. Data are expressed as mean + S.D. (n=5).

Indeed, a recent in vitro study showed that PI3K may be involved in
the phosphorylation of RXRa in human hepatoma cells [17].

Similarly, depletion of retinoic acid (RA) was also only found in
T tissues (Fig. 2). The new evidence casts doubt on the important
anti-tumorigenesis roles of RXRa and RA. While, the acyclic reti-
noid (ACR), a synthetic retinoid (a weak ligand to RXRo. compared
to RA), has exerted chemopreventive effects in HCC cells [12].
Recent evidence indicates that ACR has multiple antitumor func-
tions beyond its role as RXRa agonist [11]. Collectively, we specu-
late that the dysfunction of RXRa and depletion of RA may be the
by-product of hepatic tumorigenesis or favor the development of
hepatic tumor.

The expression of major cytochrome P450 (CYP) genes is com-
monly repressed in the tumor tissues from patients suffering
HCC and hepatocyte tumor cell lines compared to primary human
hepatocytes [18,19]. The RAS/ERK signaling cascade is thought to
contribute to repress the expression of CYP genes besides its func-
tions of hepatocarcinogenesis and dedifferentiation in hepatocyte
tumors [14,20]. Consistently, majority of significantly changed
cytochrome P450 (CYP) genes were significantly down-regulated
in both P and T compared to Wt along with the activation of
RAS/ERK by NGS analysis (Tables 1 and S3). These data indicate
that the activation of RAS/ERK pathway plays important roles in
repressing the expression of CYP genes in vivo. Importantly, our
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Table 1
Significantly down-regulated CYP genes in both P and T of H-ras12V transgenic mice compared to Wt detected by NGS analysis.
Genes FPKM value Tvs W Pvs W TvsP
Wt P T p value Up/down p value Up/down p value Up/down
Cyp2c50 3.51E+02 1.34E+02 5.48E+00 0.00E+00 Down 7.18E-03 Down 5.84E-14 Down
Cyp2c54 2.12E+02 1.08E+02 4.91E+00 0.00E+00 Down 4.01E-02 Down 1.99E-13 Down
Cyp8b1 6.44E+01 1.25E+01 1.31E+00 0.00E+00 Down 6.45E—09 Down 5.54E-07 Down
Cyp4al4 5.66E+01 3.57E+00 2.84E-01 0.00E+00 Down 0.00E+00 Down 3.96E-06 Down
Cyp26al 2.17E+01 4.82E+00 5.17E-01 2.26E-12 Down 1.34E-06 Down 3.15E-05 Down
Cyp4al0 6.93E+01 1.74E+01 4.27E+00 3.48E-12 Down 1.02E-06 Down 2.90E-04 Down
Cyp3a41b 1.24E+02 2.54E+01 7.68E+00 4.88E—12 Down 4.49E-08 Down 1.02E-03 Down
Cyp3a4la 1.27E+02 2.72E+01 8.30E+00 1.61E-11 Down 1.56E-07 Down 1.05E-03 Down
Cyp2c38 1.52E+01 8.12E+00 6.27E-01 2.11E-11 Down 3.35E-02 Down 3.72E-08 Down
Cyp3al6 9.96E+01 3.30E+01 8.57E+00 5.10E-10 Down 1.31E-04 Down 2.41E-04 Down
Cyp3a44 7.94E+01 3.18E+01 1.04E+01 2.30E-07 Down 1.45E-03 Down 1.82E-03 Down
Cyp2c55 5.54E+00 1.20E+00 3.19E-01 2.54E-06 Down 1.90E—-04 Down 2.86E—-02 Down
Cyp2d22 3.13E+01 4.10E+00 2.44E+00 3.63E-10 Down 2.89E-12 Down 1.75E-01 -
Cyp4f14 1.26E+01 3.40E+00 7.24E-01 1.02E-08 Down 3.14E-03 Down 8.39E-01 -
Cyp4a32 2.38E+01 1.17E+01 6.42E+00 1.03E-03 Down 1.50E-02 Down 1.16E-01 -
Cyp2b10 4.27E+00 1.31E+00 1.35E+00 2.90E-02 Down 5.49E-03 Down 9.55E-01 -
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Fig. 2. Quantitative analysis of retinoid metabolites in samples by high performance liquid chromatography. (A) 9-cis RAL. (B) at-RA. (C) 9-cis RA. (D) 4-KETO-at-RA. The Wt,

P, and T refer to the same as Fig. 1. Data are expressed as mean +S.D. (n =6).

in vivo data showed that, like CYP genes, the expressions of
ALDH1A1 and AOX3 were also directly repressed by ras oncogene
(Fig. 1). Moreover, down-regulation of the ALDH1A1, AOX3, and
CYP genes induced by ras oncogene may favor the metabolism
state and the progress of hepatoma by disturbing multiple metab-
olism processes.

AtRA has been used as a main drug component to treat acute
promyelocytic leukemia (APL) patients in clinical [21]. It is also
reported epidemiologically and experimentally that atRA could
prevent cancer in various organs including the liver, stomach,
breast, lung, and prostate [10]. There is an in vivo inter-conversions
between atRA and 9cRA isomers, two active forms of RA known to
activate retinoid receptors, especially the heterodimer RXR:RAR
[22,23]. So, it is generally thought that atRA exerts its antitumor
effects through activation of RXR:RAR. On the contrary, our results
showed no effect of atRA on preventing hepatic tumorigenesis or
curing the developed hepatic nodules induced by ras oncogene

(Fig. 4). Consistently, multiple resistance mechanisms to atRA
application have been reported in organisms and cells [24].
Specially, it is well known that HCC is refractory to RA due to
malfunction of its nuclear receptor RXRa [25]. The progressive
resistance to continuous atRA treatment [26] and the loss of func-
tion of RXRat [25] may be the two main reasons contributing to our
experimental results.

In conclusion, activated RAS/ERK pathway alone is insufficient
to inhibit the functions of RXRa and deplete RA in normal hepato-
cytes. The efficient inhibition of RXRa function and depletion of RA
in hepatoma indicates that additional molecular events must be
involved besides activation of RAS/ERK pathway.
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with normal food as control. The mice were sampled at 8-month-old and the number of hepatic lesions according to diameter (<2 mm; 2-5 mm; >5 mm) (A), the total
number of hepatic lesions (B), and the liver/body weight (C) were analyzed. Data are expressed as mean +S.D. (n = 10-15).
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