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Abstract

Background & Aims—Disruption of circadian rhythm is associated with cancer development 

and progression. MicroRNAs (miRNAs) are a class of small non-coding RNAs that trigger mRNA 

translation inhibition. We aimed to evaluate the role of Per1 and related miRNAs in 

cholangiocarcinoma growth.

Methods—The expression of clock genes was evaluated in human cholangiocarcinoma tissue 

arrays and cholangiocarcinoma lines. The rhythmic expression of clock genes was evaluated in 

cholangiocarcinoma cells and H69 (non-malignant cholangiocytes) by q-PCR. We measured cell 

proliferation, cell cycle and apoptosis in Mz-ChA-1 cells after Per1 overexpression. We examined 
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tumor growth in vivo after injection of Per1 overexpressing cells. We verified miRNAs that targets 

Per1. The circadian rhythm of miR-34a was evaluated in cholangiocarcinoma and H69 cells. We 

evaluated cell proliferation, apoptosis and invasion after inhibition of miR-34a in vitro, and the 

potential molecular mechanisms by mRNA profiling after overexpression of Per1.

Results—Expression of Per1 was decreased in cholangiocarcinoma. The circadian rhythm of 

Per1 expression was lost in cholangiocarcinoma cells. Decreased cell proliferation, lower G2/M 

arrest, and enhanced apoptosis were shown in Per1 overexpressing cells. An in vivo study revealed 

decreased tumor growth, decreased proliferation, angiogenesis and metastasis after overexpressing 

Per1. Per1 was verified as a target of miR-34a. miR-34a was rhythmically expressed in 

cholangiocarcinoma cells and H69. The inhibition of miR-34a decreased proliferation, migration 

and invasion in cholangiocarcinoma cells. mRNA profiling has shown that overexpression of Per1 

inhibits cell growth through regulation of multiple cancer related pathway, such as cell cycle, cell 

growth and apoptosis pathway.

Conclusions—Disruption of circadian rhythms of clock genes contributes to the malignant 

phenotypes of human cholangiocarcinoma.

Graphical Abstract
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INTRODUCTION

Cholangiocarcinoma (CCA) is a malignancy of the biliary epithelium with non-specific 

symptoms, making early diagnosis difficult [1]. Surgical resection remains the only 

treatment to prolong survival. Circadian rhythms are endogenous and autonomous 

oscillations generated by a set of clock genes. In addition to the central nervous system, 

circadian rhythms are present in peripheral tissues and single cells [2]. For example, 
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dysregulated circadian clock gene expression and disrupted circadian rhythm is associated 

with tumor development and progression in experimental models [3]. In humans, 

epidemiologic studies have demonstrated a correlation between the disruption of circadian 

rhythms and tumor development [4]. The mechanisms underlying the maintenance of the 

autonomous circadian rhythm involve two multi-gene feedback loops: the negative feedback 

and the positive loop. The CLOCK (Circadian Locomotor Output Cycles Kaput) and 

BMAL1 (ARNTL, Aryl hydrocarbon receptor nuclear translocator-like) proteins form 

heterodimers that bind to the E-box in the promoter region upstream of circadian 

transcription repressor genes Period (Per) and Cryptochrome (Cry). The Per and Cry 

proteins inhibit the transcription of CLOCK and BMAL1, acting as the negative loop in the 

autonomous oscillation [5].

A number of genes, including core components of the clock, metabolic genes, and other 

tissue-specific transcripts are rhythmically expressed in the liver [6]. Decreased Per1 

expression is observed in prostate and lung cancer [7, 8]. However, the circadian rhythm in 

biliary cancer remains unexplored.

microRNAs (miRNAs) are small non-coding RNAs that bind to mRNA in a complementary 

sequence manner, leading to the silencing or inhibition of the translation of target mRNAs. 

A single miRNA can regulate the expression of multiple genes and has multiple effects on 

cellular functions. During tumorigenesis, a group of critical miRNAs, including miR21, 

miR-141 and miR-29 are aberrantly expressed and regulate CCA development [9]. However, 

the interaction of circadian rhythms with miRNAs in CCA is unknown. We aimed to 

evaluate the (i) role of clock genes in CCA and the effect of overexpressing Per1 on CCA 

growth; (ii) role of miRNAs that target Per1 and the effect of inhibiting of miRNA in CCA; 

and (iii) mechanisms by which Per1 regulates the progression of CCA.

MATERIALS AND METHODS

Materials

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. 

The rabbit polyclonal antibody against fibronectin (ab2413) was purchased from Abcam 

(Cambridge, MA). The rabbit polyclonal antibody against VEGF was purchased from 

Abcam, Cambridge, MA). The following antibodies were purchased from Santa Cruz 

Biotechnology (Dallas, TX): BMAL1 (N-20); CLOCK (H-276); Cry1 (A-20); Per1 (N-20); 

PCNA (FL-261). mirVana™ miR-34a inhibitors and negative controls were purchased from 

Ambion Inc., (Austin, Texas). pCMV6-Per1 and controls were purchased from OriGene 

(Rockville, MD). siPer1 and controls were purchased from Santa Cruz Biotechnology.

Cell lines

Six human CCA cell lines (Mz-ChA-1, TFK-1, CCLP-1, HuCC-T1, SG231 and HuH-28) 

with different biliary origin were used. Mz-ChA-1 cells (from gallbladder) were a gift from 

Dr. G. Fitz (University of Texas Southwestern Medical Center, Dallas, TX) [10]; HuH-28 

cells (from intrahepatic bile ducts) [11] and TFK-1 cells (from extrahepatic bile ducts) [12] 

were obtained from Cancer Cell Repository, Tohoku University, Japan. HuCC-T1 [13], and 
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SG231 [14] (from intrahepatic bile ducts) cells were obtained from Dr. A.J. Demetris 

(University of Pittsburgh, PA) and cultured as described [13–15]. The human immortalized, 

non-malignant cholangiocyte cell line, H69, (from Dr. G.J. Gores, Mayo Clinic, MN) was 

cultured as described [16]. The human immortalized cholangiocyte line, MMNK-1 [17] was 

a gift of the laboratory of Dr. Ramille Shah, Northwestern University, Chicago, IL.

Expression of clock genes in non-malignant human cholangiocytes, CCA cells and human 
biopsies

The expression of the clock genes, BMAL1, CLOCK, Per1 and Cry1 was evaluated by q-

PCR [18] in H69 and CCA cells. We also evaluated the immunoreactivity of clock genes in 

commercially available Accumax tissue arrays (ISU ABXIS Co., Seoul, Korea) by semi-

quantitative immunohistochemistry (IHC). These tissue arrays contain 48 well-characterized 

CCA biopsy samples from different tumor differentiation grades as well as 4 non-malignant 

liver biopsy samples. Light microscopy and IHC observations were taken with a BX-40 light 

microscope (Olympus, Tokyo, Japan) with a video-cam (Spot Insight, Diagnostic 

Instrument, Inc.).

To further demonstrate that Per1 is downregulated in CCA we analyzed publically available 

datasets [19] of gene expression in CCA compared to normal bile ducts. We have evaluated 

Per1 expression from microarray databases from this profiling data set via NextBio software 

(www.nextbio.com).

Circadian expression of core clock genes in CCA and non-malignant cells

An established in vitro model of circadian expression of clock genes [2] was exploited to 

determine the 24-hr circadian expression of clock genes in non-malignant (H69 and 

MMNK-1) [20] and CCA lines. The cells were deprived of serum for 48 hr, transferred to a 

medium containing 50% serum for 2 hr, and returned to serum-free medium. Cells were 

harvested every 4 hr after serum stimulation. Total RNA was isolated with a mirVana 
miRNA isolation kit (Ambion Inc.) and evaluated for the expression of clock genes by q-

PCR. Cells that were harvested just before adding 50% serum were considered as 0 hr. The 

mRNA level of core clock genes in H69 for time point 0 is denoted as 1.

Evaluation of the functional role of suppression of miR-34a and regulation of circadian 
expression of Per1 in human CCA cells

Next we evaluated the functional effect of miR-34a in CCA cells. miR-34a precursor 

antisense inhibitors and controls (Ambion) were transfected into Mz-ChA-1, TFK-1 and 

H69 cells with Dharma reagent (Thermo Scientific, Waltham, MA) using a standard 

protocol. Cell proliferation, apoptosis and invasion were evaluated 48 hr after transfection. 

Cell proliferation after silencing of miR-34a in the selected cells was examined via MTS 

assay, while cell invasion was evaluated using a cell invasion assay kit (Chemicon, 

Temecula, CA). We measured the 24-hr circadian expression of Per1 after inhibiting the 

expression of miR-34a in Mz-ChA-1 and TFK-1 cells. To determine that knockdown of Per1 

reverses the anti-proliferative and anti-invasive effects of the miR-34a inhibitor, we co-

transfected Per1 siRNA with miR-34a inhibitor in Mz-ChA-1 cells before measuring cell 

proliferation.
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In vivo studies

Animal procedures were performed under the guidelines of the Baylor Scott & White 

IACUC Committee. Male BALB/c nude (nu/nu) mice (n = 8 per group) were kept in a 

temperature-controlled (20–22°C) environment with 12-hr light-dark cycles and with free 

access to drinking water and standard mouse chow. Mz-ChA-1 cells (5×106) stably 

transfected with control vector or Per1 were suspended in 0.25 mL of extracellular matrix 

gel and injected subcutaneously in both the right and left back flank of nude mice. Tumor 

growth was measured three times per week, and volume was determined as follows: tumor 

volume (mm3) = π/6 * length (mm) * width (mm) * height (mm). Tumors were allowed to 

grow until maximum allowable tumor burden was reached as set forth by the Baylor Scott & 

White IACUC tumor burden policy. After 43 days, mice were euthanized with sodium 

pentobarbital (50 mg/kg BW i.p.).

Tumor sections (4–5 μm) were prepared and stained for: (i) H&E, (ii) PCNA; (iii) 

fibronectin; and iv) VEGF by IHC [21]. We evaluated the mRNA expression of Per1, PCNA, 

VEGF-A, NGF, TIMP2, TIMP3, MMP-3, MMP-9 and S100A4 in tumor tissue by q-PCR.

OneArray DNA Microarrays and Filtering Genes

The gene expressing profiling was performed in empty vector (EV) and Per1 overexpressing 

Mz-ChA-1 cells by Phalanx Biotech Group (Belmont, CA) using the Human whole genome 

OneArray DNA microarray HOA 7.1. The raw profiling data has been submitted to the 

ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number E-

MTAB-4156. The profiling data were input into Ingenuity Pathway Analysis (IPA) to 

identify the pathways in which they are involved. The details are described in supplementary 

information.

Statistics

A double-sided Student t-test was performed to compare two groups (p <0.05 was 

considered significant) unless otherwise indicated.

Please see Supplementary data for more detailed information of this section.

RESULTS

Core clock genes are aberrantly expressed in CCA

We have previously demonstrated that: (i) melatonin inhibits CCA growth in vitro and in 
vivo; and (ii) melatonin deregulation is associated with disruption of circadian rhythm [22]. 

Therefore, we evaluated the expression of core clock genes and circadian rhythm in CCA 

cells compared to non-malignant cholangiocytes. Per1 mRNA expression decreased in all 

CCA lines compared to H69 cells (Figure 1A). Similarly, there was decreased expression of 

Per1 in human CCA biopsies compared to non-malignant samples (Figure 1B). The mRNA 

expression of BMAL1 increased in HuH-28 and CCLP-1 compared to H69, but decreased in 

other CCA cells (Figure 1A). The expression of BMAL1 increased in human CCA biopsies 

compared to non-malignant controls (Figure 1B). The expression of CLOCK increased in 

HuH-28 and TFK-1 cells (Figure 1A). Cry1 expression increased in HuCC-T1 and 
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decreased in Mz-ChA-1, SG-231, HuH-28 and CCLP-1 cells. (Figure 1A). The expression 

of Cry1 and CLOCK did not show significant changes in human CCA biopsies compared to 

non-malignant samples (Figure 1B). By analysis of published microarray data [19], we 

found Per1 expression decreased in CCA when compared to normal intrahepatic bile ducts 

(Fold Change: 0.032, p-Value: 2.2 × 10−9) or non-cancerous surrounding tissue (Fold 

Change 0.165, P-Value: 4.2 × 10−10) [19].

Loss of 24-hr rhythmic expression of clock genes in CCA

Since the 24-hour circadian rhythm has been exclusively found in animals, tissues and single 

cells [2], we evaluated the presence of the 24-hour circadian rhythm in non-malignant 

cholangiocytes and CCA cells. The rhythmic expression of Per1 was present in H69 (Figure 

2A) and MMNK-1 (Suppl. Figure 1), but was lost in all CCA cells. BMAL1 showed a loss 

of circadian rhythm in Mz-ChA-1, TFK-1, SG231, CCLP-1 and HuCC-T1 cell lines. 

BMAL1 showed rhythmic expression with phase shift in HuH-28 compared to H69 cells 

(Figure 2B). Cry1 lost circadian rhythm in HuCC-T1 and SG231 cell lines (Figure 2A). 

CLOCK lost circadian rhythm in two extrahepatic cell lines (Mz-ChA-1 and TFK-1) and 

two intrahepatic cell lines (SG231 and CCLP-1), but still displayed circadian rhythm in 

HuH-28 and HUCC-T1 cells. These findings suggest that Per1 (whose circadian rhythm was 

lost in all the CCA lines used) may be key in the regulation of CCA growth (Figure 2A).

Effect of restoration of Per1 expression on CCA proliferation, apoptosis and invasiveness 
in CCA cell lines

Since Per1 expression and its circadian rhythm was decreased in all CCAs used, we aimed to 

demonstrate that restoration of Per1 expression decreases the growth of Mz-ChA-1, HuCC-

T1 cells. Overexpression of Per1 was confirmed by q-PCR (Figure 3A). There was 

decreased proliferation of Mz-ChA-1 cells after overexpression (OE) of Per1 compared to 

control cells (receiving empty vector, EV), which was confirmed by q-PCR and 

immunoblots for PCNA (Figure 3 B–D). There were fewer G2/M phase cells in Per1 OE 

cells compared to EV cells, whereas the number of quiescent cells in G0/G1 phase increased 

in Per1 OE cells compared to EV cells (Figure 3E). There was enhanced apoptosis in Mz-

ChA-1 Per1 OE cells compared to EV cells (Figure 3F). Similarly, overexpression of Per1 

decreased proliferation, invasion and cell cycle in HuCC-T1 cells (Suppl. Figure 2A–C). We 

also demonstrated that silencing of Per1 expression in H69 cells increased proliferation, but 

did not affect the invasiveness of these cells (Suppl. Figure 2D–E).

miR-34a was predicted and verified as the target of Per1

The molecular mechanisms by which Per1 decreased CCA growth are unknown. One 

possible mechanism is that Per1 might be regulated by some specific miRNAs that acts as 

oncomiRs. Therefore, we determined the specific miRNAs that target Per1. Per1 was 

identified by all three databases (DIANA-MicroT, Miranda and RNAhybrid) as the target of 

miR-34a. As shown in Figure 4A, there is one conserved binding site for miR-34a in the 

Per1 3′UTR. miR-34a expression was upregulated in CCA cells as determined by miRNA 

microarray [23]. Based on these findings, miR-34a was selected for study in subsequent 

experiments.
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To substantiate that miR-34a directly targets Per1, we cloned the 3′UTR containing potential 

miR-34a binding sites for further validation by luciferase assay (Figure 4A). miR-34a 

significantly suppressed the expression of pMIR-Per1-WT but not pMIR-Per1-mut, 

indicating this suppression effect is specific to 3′-UTR regions (Figure 4B). Per1 expression 

increased after inhibition of miR-34a expression (Figure 4C).

Aberrant expression of miR-34a in CCA cell lines

It is interesting to point out that not only the clock genes show circadian rhythm, but also 

specific miRNAs are regulated by clock genes or target circadian genes and also display a 

circadian rhythm, such as miR-122 [24]. Since Per1 is a primary output rhythmical gene, we 

determined whether the 24-hr expression of miR-34a showed circadian rhythm (Figure 5A). 

In Mz-ChA-1 cells, the expression of miR-34a displayed a shifted phase, higher amplitude 

and higher expression at all time points compared with H69 cells. In TFK-1, the overall 

amplitude was not altered significantly; however, the period was significantly shortened and 

the expression level was higher compared to H69 cells. For HuCC-T1, the amplitude 

diminished and the circadian rhythm was lost compared to H69 cells (Figure 5A).

Inhibition of miR-34a expression restored Per1 24-hr circadian rhythm and diminished 
proliferation and invasion in vitro

Since miR-34a acts as an oncomiR in CCA, we next evaluated whether inhibition of 

miR-34a affects Per1 expression and circadian rhythm and tumor cell growth or invasion. 

Decreased expression of miR-34a was confirmed in miR-34a inhibitor-transfected cells 

(Figure 5B). After inhibition of miR-34a expression, the proliferation of Mz-ChA-1 cells 

was inhibited at 24, 48 and 72 hr, whereas the proliferation of H69 did not show significant 

change after inhibition of miR-34a expression (Figure 5C). Furthermore, after inhibition of 

miR-34a expression, cell invasiveness was decreased in CCA cell lines compared to vector-

transfected cells (Figure 5D). Significant in vitro oscillation of Per1 was noted in both Mz-

ChA-1 and TFK-1 cell lines (Figure 5E). Interestingly, the increased amplitude and phase 

shift of Per1 circadian rhythm was observed as compared to control in Mz-ChA-1 and 

TFK-1 respectively. However, the period or the peak of Per1 expression did not change 

(Figure 5E). Furthermore, silencing of Per1 expression in miR-34a-transfected Mz-ChA-1 

cells diminished the inhibition of proliferation in CCA cells (Figure 5C).

Overexpression of Per1 inhibits CCA xenograft tumor growth in vivo

We next evaluated the tumor suppressor role of Per1 overexpression in vivo. We found 

significant inhibition of tumor growth from 20 days until 43 days in xenograft models that 

were injected with Mz-ChA-1 cells stably overexpressing Per1 compared to control cells 

(Figure 6A). We demonstrated that the expression of PCNA, VEGF-A, NGF, epithelial-

mesenchymal transition (EMT) markers (TIMP2, TIMP3, MMP-3 and MMP9) and the 

metastasis marker S100A4 were inhibited in the Per1 OE group (Figure 6B). We found 

decreased expression of PCNA, fibronectin and VEGF by IHC in Per1 OE tumors, 

indicating that overexpressing Per1 may inhibit proliferation, EMT and angiogenesis (Figure 

6C).
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Overexpression of Per1 inhibits xenograft tumor growth through regulation of cell cycle, 
cell growth and apoptosis pathway

We performed microarray to determine which pathway and biological process is most 

affected by Per1 deregulation in CCA. The gene expression profile showed that more than 

1000 genes were modulated by overexpressing Per1, among which 484 genes are up-

regulated and 793 genes are down-regulated (Figure 7A–B). As shown in Suppl. Table 1 and 

Figure 7C, more than 800 genes modulated by overexpressing Per1 are related to cancer, 

which stands for the most regulated diseases. Organismal injury and abnormalities, cell 

death and survival, cellular development, growth and proliferation and cellular movement 

stand for the top 10 affected cellular functions (Figure 7C). More than 100 genes in these 

functions showed differential expression between EV and Per1 OE cells, indicating 

overexpressing Per1 gene regulates tumorigenesis in aspects of proliferation, apoptosis and 

cell invasiveness which is consistent with functional study of Per1 OE (Suppl. Table 1 and 

Figure 3). Overexpression of Per1 inhibits several canonical pathway that are related with 

tumorigenesis, such as IGF-1 signaling, p53 signaling, cAMP-medicated signaling and 

growth hormone signaling, which is based on the z-score prediction provided by IPA® 

(Suppl. Table 2).

Through IPA® pathway analysis we analyzed how modulation of Per1 can affect those 

genes, how those genes interact with each other and how many circadian genes are involved. 

As shown in Figure 8, overexpressing Per1 mostly promotes apoptosis through direct or 

indirect interaction of Per1. At least seven molecules that increased are shown to facilitate 

apoptosis. We also found nine molecules, including Wee1, CRE-BP1, CDK1 and 

GADD45A, that relate to cell cycle regulation are upregulated in per1 overexpressing group. 

There are eight genes in this network that core clock genes or clock-controlled genes, which 

eventually leads to different functional regulation of tumorigenesis (marked with curved blue 

line). In addition, expression of Serpine1, which is involved in senescence, is decreased after 

overexpressing Per1 (Figure 8).

DISCUSSION

We demonstrated that the rhythmic expression of core clock genes was disrupted in CCA 

cells compared to non-malignant cholangiocytes. The expression of Per1 was decreased in 

all CCA cell lines evaluated. Restoration of Per1 inhibited proliferation and increased 

apoptosis of CCA cells in vitro and reduced tumor growth in vivo. Per1 was verified as a 

novel target of miR-34a in CCA cells. Inhibition of miR-34a reduced proliferation and 

invasiveness of CCA cells.

In humans, circadian disruption increases the susceptibility to cancer development including 

hepatocellular carcinoma, lung, pancreatic, prostate and colorectal cancer [25–27]. Parallel 

to our findings, decreased Per1 expression is found in colon cancer, which correlated with 

estrogen receptor-beta expression via epigenetic regulation [28]. By analyzing published 

microarray data, we found that Per1 expression decreased in CCA when compared with 

intrahepatic bile ducts or with non-cancerous surrounding. Similarly, deregulation of Per1 

was found in pancreatic and hepatocellular cancer [29]. In our study, decrease of Per1 

expression in non-malignant cholangiocytes promotes cellular proliferation and shows an 
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increased trend of invasion indicating Per1 as a critical tumor suppressor in the progression 

of CCA.

Per1 regulates cell growth by modulating cell cycle [30]. When Per1 expression reached a 

high level, the percentage of cells that enter into the M phase is reduced. Herein, we show 

that overexpressing Per1 increased G2/M phase and S phase while G1 phase decreased. The 

potential mechanisms could be explained by the finding that Per1 protein interacts with the 

checkpoint protein ataxia telangiectasia mutated (ATM) and the checkpoint kinase 2 

(CHK2), leading to DNA repair and cell cycle arrest and/or apoptosis [31]. We also have 

found eight molecules (13.5%) ATM signaling was modulated in microarray profiling, 

which supports the concept that Per1 plays an important role in DNA damage and cell 

growth control in CCA. Wee1, an important regulator checkpoint of G2 expression and a 

primary output clock controlled gene [32], is upregulated in Per1 OE cell line. Indeed, Wee1 

is downregulated in hepatocellular carcinoma [33]. The overexpression of Per1 partly 

restored the expression of Wee1. However, whether the circadian rhythm of Wee1 is affected 

in Per1 OE cells needs to be further evaluated. miR-34a acts as an oncogenic miRNA in 

hepatocellular [23] and CCA cells [9]. miR-34a regulates invasion and migration [29], 

apoptosis [34] cell cycle progression and proliferation [35] by targeting different genes. 

miR-34a is rhythmically expressed in our study, which has been predicted by a 

computational model for the interaction of core clock genes with miRNAs [36]. Modulation 

of miR-34a enlarged the amplitude of the 24-hr circadian rhythm of Per1 in Mz-ChA-1 cells 

and shifted the phase in TFK-1 but did not change the period in our study. Previous studies 

demonstrate that modulation of miRNA alters the phase and amplitude of circadian rhythm 

of clock genes in many organisms.

Overexpression of Per1 also affects other clock-controlled genes, indicating the coordination 

of circadian rhythm of different core clock genes and clock controlled genes plays a role in 

tumorigenesis of cholangiocarcinoma (Figure 8). Per1 is modulated by CREB [37]. The 

study demonstrated cAMP-responsive elements (CREs) in mPer1 promoter region that binds 

CRE-binding protein (CREB), which is responsive to synergistic activation of the cAMP and 

mitogen-activated protein kinase pathways [37]. Here we also found that modulation of Per1 

may regulate the CREB complex indicating a bi-directional regulation between CREB and 

Per1. Through IPA analysis, we found that overexpression of Per1 affects tumorigenesis of 

CCA through regulation of multiple functional pathways (Figure 8). Specifically, cell death 

and apoptosis related genes seem affected. Overexpression of Per1 also inhibited the 

expression of Serpine1, one of the markers of senescence. Actually, the expression of 

Serpine1 is upregulated in primary sclerosing cholangitis [38], which is an important risk 

factor for the development of CCA [39].

In summary, our study defines the role of the circadian rhythm of clock genes in the 

modulation of CCA growth, the correlation of miRNA to clock genes and CCA and the 

therapeutic effect of Per1 and miR-34a in CCA growth. We evaluated the possible molecular 

mechanism(s) of how Per1 act as a tumor suppressor inhibits the malignant transformation 

of cholangiocytes. However, how overexpressing Per1 interacts with genes leading to the 

control of cell cycle, cell growth, senescence and apoptosis needs to be further elucidated.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Statement of financial support: This work was supported by the Dr. Nicholas C. Hightower Centennial Chair of 
Gastroenterology from Baylor Scott & White, the Texas Chapter of the Ladies Auxiliary to the Veterans of Foreign 
Wars to Dr. Alpini and Dr. Francis, a VA Research Career Scientist Award, a VA Merit award to Drs. Alpini 
(5I01BX000574), Meng (1I01BX001724) and Glaser (5I01BX002192) and NIH DK076898, DK054811 and 
DK062975 grants to Drs. Alpini, Meng and Glaser, and a VA CDA-2 Award to Dr. Francis (IK2 BX001760).

This manuscript is the result of work supported by resources at the Central Texas Veterans Health Care System. The 
views expressed in this article are those of the authors and do not necessarily represent the views of the Department 
of Veterans Affairs.

Abbreviations

BMAL1 brain and muscle-Arnt-like1

CCA cholangiocarcinoma

CDK1 Cyclin-dependent kinase 1

CLOCK circadian locomotor output cycles kaput

CREB cAMP-responsive element binding protein

Cry1 cryptochrome 1

EV empty vector

GADD45A Growth arrest and DNA-damage-inducible protein 45 alpha

GAPDH glyceraldehyde-3-phosphate dehydrogenase

MMP metalloproteinase

NGF nerve growth factor

OE overexpressing

PCNA proliferating cellular nuclear antigen

PCR polymerase chain reaction

Per1 Period 1

TIMP tissue inhibitor of metalloproteinase

3′UTR 3′ untranslated region

VEGF vascular endothelial growth factor
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Figure 1. 
[A–B] Expression of core clock genes, BMAL1, CLOCK, Per1 and cry1 in CCA cell lines 

and tissue array of human CCA biopsies. [A] Per1 mRNA expression decreased in all CCA 

cells compared with H69 cells, while other clock genes displayed altered expression in the 

different CCA cell lines. Data are expressed as mean ± SEM of 4 experiments. *p<0.05 

compared to H69. [B] Decreased expression of Per1 and enhanced expression of BMAL1 in 

human CCA biopsies (n=48) as compared with non-malignant control tissue (n=4). Data are 

expressed as mean ± SEM.*p <0.05 vs. non-malignant. Original magnification X40.
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Figure 2. 
A–B The 24-hr circadian rhythm of BMAL1, CLOCK, Per1 and Cry1 mRNA expression 

levels in CCA and H69. The cells were stimulated with 50% serum for 2 hr after being 

serum starved for 48 hr. Samples were taken every 4 hr until 24 hr. The points represent the 

mean ± SEM for 3 to 6 experiments. *p < 0.05 vs. H69 at corresponding time points.
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Figure 3. 
Decreased proliferation, enhanced apoptosis and decreased number of cells in S and G2/M 

phase in Mz-ChA-1 cells that overexpress Per1. [A] The mRNA expression of Per1 was 

confirmed by q-PCR. The points represent the mean ± SEM for 4 experiments. *p < 0.05 vs. 

EV. EV=empty vector; Per1 OE = Per1 overexpressing cells; [B] Decreased proliferation 

was shown by MTS assay at 24, 48 and 72 hr. Experiments for MTS are mean ± SEM of 3 

repeated experiments. Decreased expression of PCNA was measured by q-PCR [C] and 

blots [D]. [E] Decreased number of cells in S phase and G2/M phase in Per1 OE Mz-ChA-1 

cells. [F] Enhanced apoptosis in Per1 OE Mz-ChA-1 cells as measured by AnnexinV-FITC 

apoptosis kit. The gate was set using three controls: unstained, and staining with FITC only 

or PI only. The data are from double staining of PI and AnnexinV-FITC.
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Figure 4. 
Per1 is a novel target of miR-34a. [A] Conserved target site of hsa-miR-34a on Per1 gene. 

The potential binding sites are labeled in red. [B] Mz-ChA-1 cells were transfected with a 

Renilla luciferase expression construct pRL-TK and the pMIR-PER1-wt-luc or pMIR-

PER1-mut-luc firefly luciferase expression construct, along with either miR-34a precursor 

or control precursor. Luciferase assays were performed after 48 hr. The expression of Renilla 

luciferase activity was normalized to that of firefly luciferase activity for each sample. [C] 

The mRNA expression of Per1 was increased when the miR-34a expression was inhibited. 

Data represent mean ± SEM from 8 separate experiments. *p <0.05 relative to control.
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Figure 5. 
Functional role of miR-34a in CCA cells. [A] 24-hr expression pattern of miR-34a is shown 

in CCA cells and H69 cells. Data represent mean ± SEM of 4 experiments. [B] Decreased 

expression of miR-34a was confirmed by Taqman miRNA real-time PCR array. *p<0.05 vs. 

control anti-miRNA. [C] Decreased proliferation was shown in anti-miR-34a transfected cell 

line at 24, 48 and 72 hr in Mz-ChA-1 and this inhibitory effect was diminished by silencing 

of Per1. *p<0.05 vs. control anti-miRNA, #p<0.05 vs. anti-miR-34a. [D] Decreased invasive 

ability in Mz-ChA-1, TFK-1 and HuCC-T1 cells that were transfected with anti-miR-34a. 

*p<0.05 vs. control anti-miRNA. [E] Inhibition of miR-34a expression restored or shifted 
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the phase of Per1 24-hr circadian rhythm. Expression of Per1 was evaluated by q-PCR at 

different time points after inhibition of miR-34a. All time points are compared to control 

anti-miRNA 0 hr. Data are mean ± SEM for 3–4 experiments. *p<0.05 vs. control anti-

miRNA.
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Figure 6. 
Overexpression of Per1 inhibits tumor growth in xenograft model. [A] There was a 

significant inhibition in tumor growth in nude mice injected with Per1 overexpressing cells. 

Three representative tumors from both the EV and Per1 OE group and a summary graph of 

data time points are shown. Data are mean ± SEM of tumor size evaluations from 8 mice per 

each group of animals. *p<0.05 vs. the corresponding values of tumor volume in the EV 

group. [B] Overexpression of Per1, decreased proliferation (by PCNA), inhibition of 

angiogenesis factors (VEGF-A, NGF), EMT-related genes (TIMPs and MMPs) and a 

metastasis markers (S100A4) are shown by q-PCR in tumor tissue of the Per1 OE group. 

Data are mean ± SEM for 3 different tissue samples. [C] Decreased PCNA, fibronectin and 

VEGF expression are shown by IHC in the Per1 OE group. Original magnification: 20X.
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Figure 7. 
mRNA profiles are significantly altered by overexpression of Per1 in Mz-ChA-1 cells. 

mRNA expression was evaluated by the Human whole genome OneArray DNA microarray 

HOA 7.1, which is designed by Phalanx Biotech Group. [A] Volcano plot shows the 

distribution of differentially expressed probes according to fold-change (x-axis) and 

significance (negative logarithm of the P-value on the y-axis). The red dotted line is the P-

value cut-off (0.05), and the green dotted line is the fold change cut-off (log2 |fold change|≧ 

1). Expression data are plotted for all probes excluding control and flagged probes. [B] A 

total of 1217 genes were modulated in Per1 OE cells compared with EV, among which 464 

genes were upregulated and 753 genes were downregulated. [C] The most significant 

canonical pathways across the ingenuity database were shown in bar chart. The significant 

canonical pathways for the gene list are displayed along the x-axis. The y-axis displayed the 

–log of p value, which indicates the probability of association of molecules from our gene 

list with the canonical pathway by random chance alone. Orange line sets the significant 

threshold as 0.05.
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Figure 8. 
Putative networks predicted by IPA and based on microarray profiling after overexpressing 

Per1. Icons filled with green indicate the genes that are downregulated after overexpressing 

Per1 in microarray profiling while icons filled with red indicate the genes that are 

upregulated in microarray profiling;. Outlined with purple are the genes involved in the 

G2/M DNA damage checkpoint regulation. Blue curved mark highlights those reported to be 

circadian expressed and clock controlled by at least one of the microarray studies in other 

publications [40–43]. Black arrows indicate activation, dead-end lines inhibition. The solid 

line that connected between two genes shows direct protein-protein interaction as provided 

in the literature. Detailed IPA legend refer to http://ingenuity.force.com/ipa/IPATutorials?

id=kA250000000TN2wCAG.
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