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ARTICLEINFO ABSTRACT

Article history: Loss of heterozygosity (LOH) on chromosome 16q is one of the most frequent genetic alter-
ations in hepatocellular carcinoma (HCC). Our previous data showed that the smallest com-
mon deleted region was between D16S415 and D16S419, encompassed approximately by a
2009 0.75 cM region on 16q12.2, suggesting that the putative tumour suppressor genes (TSGs) at
Accepted 6 April 2009 this locus might be involved in the development of HCC. Of the four genes (CHD9, RBL2,
Available online 4 May 2009 AKTIP and RPGRIP1L) located in this region, only RPGRIP1L was downregulated in HCCs.
Downregulation of RPGRIPIL was found in 91% (10/11) HCC cell lines and in 35% (14/40)
HCCs, respectively. To investigate the role of RPGRIP1L in HCCs, we used the overexpression
of RPGRIPIL in four HCC cell lines (HepG2, Huh6, Huh7 and Hep3B). Overexpression of
RPGRIP1L suppressed colony formation of tumour cells. Conversely, expression of
RPGRIP1LM (dominant negative form) in HCC cells enhanced colony formation. Further-
more, knockdown RPGRIP1L by RNA interference in SK-Hepl cells promoted colony forma-
tion. Taken together, these data strongly suggest that RPGRIP1L might be the putative TSG
in HCC. Moreover, we showed that Mad2, Survivin and Securin were elevated in
RPGRIP1LM-HepG?2 transfectants and RPGRIP1L-shRNA-SK-Hepl transfectants. After knock-
down of MAD2 in RPGRIP1L-shRNA-SK-Hepl transfectants partly reverse cellular colony for-
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mation capability. These data suggest that RPGRIP1L suppresses anchorage-independent
growth partly through the mitotic checkpoint protein Mad2.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction well recognised that tumourigenesis is a multistep process

resulting from the accumulation of sequential genetic and

Hepatocellular carcinoma (HCC) is a major health problem
worldwide.' It is highly malignant, and death usually results
within one year after the onset of symptoms. Despite intense
study in the past decades, the detailed molecular mechanism
of hepatocarcinogenesis is not fully understood.* It is now

epigenetic alterations.* In addition to oncogene activation,
inactivation of tumour suppressor genes (TSGs) has been
shown to play an important role in tumourigenesis.*® Allelic
deletion manifested as loss of heterozygosity (LOH) at
polymorphic loci is recognised as a hallmark of tumour
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suppressor genes, whose other allele is inactivated by point
mutations, methylation or by some other mechanism.”*°
The delineation of such genetic alterations that occur in
hepatocellular carcinoma may be important for both early
detection and prognosis.”***

In hepatocellular carcinoma, LOH has been described on
one or both arms of multiple chromosomes, including 1p,
4q, 5q, 6q, 8p, 8q, 10q, 11p, 13q, 16q, 17p and 22q.”>1>7%8
Among these alterations, LOH on chromosome 16q has been
reported to occur more frequently in HCCs of poor differenti-
ation or larger size, and with metastasis.'”"*° Recently, in the
analysis of chromosomal abnormality in HCC® and in a com-
prehensive analysis of LOH,® we also observed that two of the
most commonly affected areas spanned the region near the
sequence tag site (STS) markers D165415 and D165419.52°
The high incidence of LOH observed at an early stage of tu-
mour development led us to speculate that candidate tumour
suppressor genes located in this region may play an impor-
tant role in early hepatocellular carcinoma. Other tumour
types, such as prostate?’ and breast cancer,?? also exhibit
similar abnormalities. Due to these findings, considerable re-
search effort has been made in an attempt to identify the
putative tumour suppressor gene(s) that may reside in the
long arm of chromosome 16.

RPGRIP1-like protein (RPGRIP1L) is a homologue of RPGRIP1
(Retinitis Pigmentosa GTPase Regulator Interacting Protein 1).
Recently, two groups have shown that RPGRIP1L colocalises at
the basal body and centrosome with the protein product
nephrocystin-4 (NPHP4) whose gene is known to be associ-
ated with cerebello-oculo-renal syndrome (CORS, also called
Joubert syndrome type B).>>?* CORS is defined by the features
of Joubert syndrome with the addition of one or more of the
following: renal involvement, retinal dystrophy, coloboma,
polydactyly, tongue tumours, and liver fibrosis.?*** Our previ-
ous data demonstrated that the minimal common region of
deletion was near locus D16S415, encompassed approxi-
mately by a 0.75 cM region on 16q12.2, suggesting that the
putative tumour suppressor genes at this locus might be in-
volved in the development of HCC.®?° Of the four known
genes (CHD9, RBL2, AKTIP and RPGRIP1L) located in this mini-
mal deletion region, only RPGRIPIL was considered an excel-
lent candidate, as its product has been shown to be
colocalised at the basal body and centrosome with NPHP4.%

Centrosomes have a crucial role in the formation of bipolar
mitotic spindles, which are essential for accurate chromo-
some segregation.?® The mitotic spindle checkpoint is a signal
pathway which ensures that sister chromatids aligned at the
metaphase plate do not separate prior to the bipolar attach-
ment of all duplicated chromosomes to the mitotic spin-
dle.??® Mad2 is a central component of this pathway,
because it is essential for inhibiting the E3 ubiquitin ligase
cdc20-APC, which itself targets Securin, a negative regulator
of separase, as well as Cyclin B for degradation.”>?® Mad2
overexpression is a common event seen in many human can-
cers.?>*® Mad?2 overexpression in human fibroblasts and cell
lines can stabilise Securin and Cyclin B, delay exit from mito-
sis and increase non-disjunction events and aneuploidy, thus
contributing to tumourigenesis.>>?® In this study, we per-
formed genetic analysis and functional analyses, and found
that the RPGRIPIL gene is a candidate tumour suppressor

gene. We also found that RPGRIPIL suppresses tumour cell
transformation partly through regulation of the mitotic
checkpoint protein Mad2.

2. Materials and methods

2.1.  HCC specimens

Forty HCC patients were selected for this study. A hematoxy-
lin-and-eosin-stained section from each of the selected
blocks was used to map the tumour and non-tumour areas.
Both tumour and non-tumour parts were frozen immediately
after surgery and were stored at —135 °C until use. The HCC
tissues, DNA and RNA samples were provided by the Taiwan
Liver Cancer Network (TLCN). The TLCN is funded by the Na-
tional Science Council to provide with primary liver cancer
tissue and their associated clinical information. The use of
the 40 HCC tissues and paired non-tumour parts in this study
was approved by our Institutional Review Board and the TLCN
User Committee.

2.2. DNA and RNA extraction

Genomic DNA and total RNA were prepared from the tumour
and non-tumour liver tissues using conventional proce-
dures.?® Forty pairs of qualifying RNA were further analysed
by RT-PCR and quantitative RT-PCR. Total RNA from normal
livers was purchased from three biotechnology companies
including BD (BD Biosciences, Clontech, CA, USA), MDBIO
(Taipei, Taiwan, ROC) and GenDiscovery (Taipei, Taiwan,
ROC).

2.3. RPGRIP1L DNA construct and antibodies

We amplified RPGRIPIL (amino acid sequences 1-1315 of Gen-
Bank entry NM_015272) by RT-PCR; then cloned it into
pcDNA3.1, a V5-tagged expression vector, and sequenced,
aligned and compared the findings with a reference database.
We also amplified RPGRIP1LM (amino acid residues 1-381 of
GenBank entry NM_015272) (C-terminus truncated form) and
then cloned it into the same expression vector. A rabbit poly-
clonal antibody to RPGRIP1L was generated against the hu-
man sequence (peptides 983-998, HQSDETSPPPEDRKEI, and
peptides 1029-1043 EVKENTEKMQQGKDD).

2.4. Predicted protein sequence analysis

The predicted RPGRIPIL amino acid sequence was analysed
using the BLASTP and PSIBLAST algorithms in search for
matches or homologies in GenBank protein databases. The
prediction of protein domains was conducted using the Pfam
domain models (PFAM: multiple alignments and profile HMMs
of protein domains release 4.3. The Pfam Consortium, http://
pfam janelia.org/).

2.5. In vitro translation
In vitro translation was performed using an in vitro transcrip-

tion-translation reticulocyte assay (TNT T7 Quick coupled
Transcription/Translation System; Promega, CA, USA) with
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full-length RPGRIP1L cDNA as a template. [**S] Methionine-la-
belled products were analysed by SDS-PAGE followed by auto-
radiographic detection.

2.6. Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR)

We isolated the total RNA from each sample using RNeasy
kits (Qiagen, Valencia, CA, USA). An additional DNase I diges-
tion procedure was included in the isolation of RNA to remove
contaminating DNA following the manufacturer’s protocol.
One microgram of total RNA from each sample was subjected
to cDNA synthesis using Superscript III reverse transcriptase
and random hexamers (Invitrogen, Carlsbad, CA, USA). Quan-
titative RT-PCR analysis was performed on an ABI 7500 Real-
Time System (Applied Biosystems, Forster City, CA, USA).
GAPDH was used as an internal control. PCR reaction was
conducted using an SYBR PCR master mix reagents kit. Rela-
tive gene expression was determined based on the threshold
cycles (Ct) of the gene of interest and of the internal reference
gene. The mRNA levels of the genes of interest were ex-
pressed as the ratio of the gene of interest to GAPDH mRNA
for each sample. The level of mRNA for each gene of interest
in each transfectant was compared with the level in the
empty vector transfectant. QRT-PCR primer sequences are
summarised in Supplementary Table 1.

2.7.  Formation of stable colonies of transfected cells

Cells were seeded in six-well plates and were allowed to reach
80% confluence. The cells were transfected with pcDNA-
RPGRIP1L, pcDNA-RPGRIPILM (C-terminus truncated form) or
empty vector controls using LipofectAMINE 2000 (Invitrogen)
according to the manufacturer’s protocol. After 6 h of trans-
fection, the medium was replaced with fresh serum-contain-
ing medium. For stable transfectants, the medium was
replaced after 48 h with G418-containing medium, and trans-
fectants were selected.

2.8. RNA Interference

Short hairpin RNA (shRNA) sequences were cloned down-
stream of the human H1 promoter in the vector pSuper as de-
scribed”. The target sites for RPGRIP1L-shRNA were 5'-
GGGACAATGTAGAAATGAT-3' (shRNA1) and 5-GGAAATTT-
CACCAGAGGTA-3’ (shRNA2). Cell lines (SK-Hepl) that ex-
pressed RPGRIP1L were transfected with different shRNA
constructs to evaluate any effects on colony formation. The
target site for MAD2-shRNA was 5-CGCAATGGATATTTG-
TACTGTT-3'.

2.9.  Soft agar assay

A soft agar assay with HCC cells was performed as previously
described. HCC cells (from 2 x 10* to 10 x 10*) were suspended
in 1.5 ml of 0.3% agarose and poured onto a 1.5 ml of 0.7% aga-
rose bed in 3.5mm tissue culture dishes. Colonies were
counted after 3-4 weeks.

2.10. Cell proliferation assay

Cells were seeded in 96-well plates at a density of 3000 cells/
well. At different time points, cell viability was determined by
using an MTS [(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt]
assay (Promega Corporation, Madison, WI, USA).?’ Briefly,
MTS reagent (20 pl/ well) was added to 100 pl of medium con-
taining cells in each well of 96-well plates and left for 1 h at
37 °C under humidified 5% CO, in air. For colorimetric analy-
sis, the absorbance at 490 nm was recorded using a micro-
plate reader. Each condition was repeated at least three
times. Total cells were harvested at the designated times after
treatment.

2.11. Western blot

A standard protocol was used. Anti-V5 polyclonal antibody
was purchased from Invitrogen (Carlsbad, CA, USA) and
anti-Mad2 monoclonal antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-B-actin,
anti-Cyclin B1 and anti-Securin monoclonal antibodies were
purchased from Abcam (Cambridge, MA, USA). Anti-Survivin
was purchased from Novus Biologicals (Littleton, CO, USA).
We generated rabbit polyclonal antibody against the human
RPGRIP1L sequence (peptides 983-998 and 1029-1043). Anti-
body specificity has been confirmed by recombinant
RPGRIP1L. Protein extracts were prepared and examined as
described. 7%

2.12. Statistical analysis

SPSS (version 13, SPSS, Chicago, IL, USA) was used for statis-
tical analyses. For RPGRIP1L overexpression and shRNA
knockdown analysis, data are shown as means + SD. Stu-
dent’s t test was used for comparing activities of different
constructs. Fisher’s exact test was used for association analy-
sis between Hepatitis B virus (HBV)-associated HCCs and
RPGRIP1L downregulation. The significance level was defined
as P <0.05.

3. Results

3.1. Expression evaluation of genes from the minimal
region of deletion

In this study, the Entrez gene database at the NCBI (http://
www.ncbi.nlm.nih.gov) was reviewed. Four protein-coding
genes (CHD9, RBL2, AKTIP and RPGRIPIL), one pseudogene
LOC100132875 and one hypothetical gene LOC643802 were lo-
cated within the 0.75-Mb minimal deletion regions (Fig. 1). To
determine which gene is the best candidate for the 16q12.2-
tumour suppressor gene; we first examined their expression
in normal livers using the quantitative reverse-transcription
PCR (RT-PCR) assay as a positive control. The expression of
the hypothetical genes LOC643802 and CHD9 was not detect-
able in normal livers (data not shown). Next, we prescreened
RBL2, AKTIP and RPGRIP1L in 11 HCC cell lines, using quantita-
tive RT-PCR. Only RPGRIP1L was frequently downregulated in
HCC cell lines (91%, 10/11) (Fig. 1D and Supplementary
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Fig. 1 - Gene structure and conserved domain of RPGRIP1L and expression of RPGRIP1L in HCC cell lines. (A) The minimal
interval (gray bar) was defined between D165S419 and D16S415, encompassed approximately by a 0.75 cM region of LOH. This
interval contains four candidate genes (arrows indicate transcription direction). (B) Exon-intron structure of the human
RPGRIP1L gene and transcript. RPGRIP1L is composed of 27 exons (vertical hatches) and extends over 103.2 kb. (C)
Representation of the domain structure of the putative RPGRIP1L protein. CC, coil-coiled domain; C2, protein kinase C (PKC)
conserved region 2 motif; RID, domain with homology to the RPGR-interacting domain of RPGRIP1. One RPGRIP1L mutation
was located at the N-terminal C2 domain of RPGRIP1L. (D) RPGRIP1L expression in eleven HCC cell lines was analysed by
quantitative RT-PCR. In comparison with the average of five normal livers, RPGRIP1L was frequently downregulated in HCC
cell lines. RPGRIP1L expression was normalised with GAPDH as an internal control. Error bars indicate SD.

Fig. 1A) compared with RNA from five normal livers. Then, we
analysed the expression of RPGRIPIL in 40 HCC case tissues
and paired these with non-tumour components using quanti-
tative RT-PCR (Table 1 and Supplementary Table 2). We found
that RPGRIP1L was downregulated in 12 cases of 20 HBV-asso-
ciated HCCs. Conversely, only two cases showed RPGRIP1L
downregulation in twenty non-HBV-associated HCCs. There
was a significant correlation between RPGRIP1L downregula-
tion (<50%) and HBV-associated HCC (12/20 versus 2/20,
P < 0.05, Supplementary Table 3).

3.2.  Cloning and characterisation of RPGRIP1L

The BLAST and PSIBLAST algorithms were used to search for
matches in GenBank databases. Interestingly, we identified
four conserved domains within the putative RPGRIP1L protein
(amino acids 47-580, 615-712, 791-896 and 1025-1315)
(Fig. 1C). The first domain is a coil-coiled domain and the sec-
ond domain is C2, which exhibits features of protein kinase C
(PKC) conserved region 2. The third domain is another C2,
which shows further homology to the C2 domain of PKC.
The fourth domain is RID, a domain with homology to the
RPGR-interacting domain of RPGRIP1. To elucidate the possi-

ble tumour suppressor function of RPGRIP1L, we constructed
recombinant RPGRIPIL and used an in vitro transcription-
translation system and western blotting to check whether re-
combinant RPGRIP1L could produce the predicted protein. The
SDS-PAGE and Western blot analysis of the translated product
revealed a single protein product of about 145 kDa (Supple-
mentary data Fig. 1B). An interaction between the C-terminal
C2 domain of RPGRIP1L and nephrocystin-4 has been demon-
strated by coimmunoprecipitation.?®?* Therefore, we con-
structed a C-terminal truncated RPGRIPIL mutant
(RPGRIP1LM), which contains 381 amino acid (Supplementary
data Fig. 1B) and used it as a dominant negative mutant.

3.3. Overexpression of RPGRIP1L in HCC cells suppresses
colony formation

Because RPGRIPIL is frequently downregulated in human
HCCs, we next tested whether overexpression of RPGRIP1L af-
fected the HCC cell growth and survival potential. Four differ-
ent cell lines were employed to evaluate this possibility.
Firstly, HepG2 cells stably expressing V5-tagged RPGRIP1L full
length or C-terminus truncated RPGRIP1LM were established
in culture. Stable transfectants with increasing levels of
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Table 1 - Relative quantitation using the comparative Gt

method.

Patient No.

RPGRIP1L (T/N)

HBsAg

1T

1IN

2T

2N

3T

3N

4T

4N

5T

5N

6T

6N

7T

7N

8T

8N

9T

9N

10T
10N
11T
1IN
12T
12N
13T
13N
14T
14N
15T
15N
16T
16N
17T
17N
18T
18N
19T
19N
20T
20N
21T
21N
22T
22N
23T
23N
24T
24N
25T
25N
26T
26N
27T
27N
28T
28N
29T
29N
30T
30N
31T
31N
32T

0.3

0.4

0.3

0.9

0.9

0.47

+

Table 1 - continued

Patient No. RPGRIPIL (T/N) HBsAg AntiHCV
32N

33T 1.33 - -
33N

34T 4.6 - -
34N

35T 0.97 - -
35N

36T 0.99 - -
36N

37T 0.91 - =
37N

38T 0.9 = -
38N

39T 1.15 - -
39N

40T 0.95 - -
40N

N, non-tumour part; T, tumour part. The range given for RPGRIP1L
tumour part relative to non-tumour part is determined by evalu-
ating the expression: 2 4%,

RPGRIP1L were selected (Fig. 2A and B) and these were exam-
ined to explore whether these stable cells affect HCC cell
growth and survival. The growth of these transfected HepG2
cells was determined at various time points using a cell pro-
liferation assay. The growth of RPGRIPIL-HepG2 and
RPGRIP1LM-HepG2 transfected cells was slightly different
from the cells transfected with vector control (Supplementary
Fig. 2), but not statistically significant. Similar results were
found in Hep3B, Huh6 and Huh7 cells (Supplementary
Fig. 2). The colony formation results showed that vector con-
trols and RPGRIP1LM HepG2-stable transfectants could attach
and grow well in soft agar; however, the RPGRIP1L HepG2-sta-
ble transfectants formed very few colonies in soft agar
(Fig. 2C). Vector controls grew approximately 10-fold better
than RPGRIPIL-HepG2 transfectants; and RPGRIP1LM HepG2-
stable transfectants grew approximately 1.5-fold better than
vector controls. Similar results, suggesting that RPGRIPIL
overexpression suppresses cell survival in soft agar, were
found for Hep3B, Huh6 and Huh7 cells (data not shown).

3.4. Knockdown of endogenous RPGRIP1L in HCC cells
promotes colony formation

To further explore whether RPGRIP1L might affect the cell
growth and survival of HCC cells, we used an RNAi approach
to inhibit expression of RPGRIP1L and assayed for growth rate
of SK-Hepl cells. To examine whether the RPGRIP1L shRNAs
could inhibit endogenous RPGRIPIL expression in SK-Hepl],
we transfected two RPGRIPIL shRNA constructs (shRNA-1
and shRNA-2) and a negative control into SK-Hepl for 72 h fol-
lowed by western blotting and quantitative RT-PCR to detect
the level of RPGRIP1L expression. The data showed a reduction
in the RPGRIP1L protein and mRNA level with both shRNAs,
whereas there was no significant reduction in RPGRIP1L when
the vector control was used (Fig. 3A and B). The growth rate of
these transfected SK-Hepl cells was determined at various
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that in cells transfected with vector control, but the difference
was not statistically significant (Supplementary Fig. 3). On the
other hand, RPGRIP1L-shRNAs SK-Hepl-stable transfectants
could attach and grow well in soft agar; however, the vector
control formed fewer colonies in soft agar (Fig. 3C).
RPGRIP1L-shRNA transfectants grew approximately 3-8-fold
better than vector controls. The data strongly support the idea
that RPGRIP1L plays a role in cell survival.

3.5.  Possible mechanism by which RPGRIP1L suppresses
cellular colony formation in HCC

In our unpublished data, we found that the mRNA level of
cell-cycle and mitotic checkpoint-related genes were upregu-
lated in both RPGRIPILM HepG2-stable transfectants (domi-
nant negative form) and RPGRIPIL-shRNA SK-Hepl-stable
transfectants. To further support this idea, we examined the
protein levels of several mitotic checkpoint?®?®*° related
components in these transfectants. Overexpression of
RPGRIPILM (dominant negative form) and knockdown of
RPGRIP1L resulted in the elevated protein expression of
Mad2, securin, cyclin B1 and survivin (Fig. 4). Next, we inves-
tigated whether RPGRIP1L suppresses tumour cell transforma-
tion through the mitotic checkpoint protein Mad2. To address
this question, we first successfully reduced the expression of
MAD?2 with MAD2-shRNA in RPGRIP1L-shRNA SK-Hepl-stable
transfectants (Fig. 5A and B). After MAD2 knockdown, a signif-
icant reduction of about 50% in anchorage-independent
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Fig. 5 - Knockdown MAD2 expression in RPGRIP1L-shRNA-SK-Hepl transfectants. (A) Western blot analysis was used to detect
Mad2 protein expression levels before and after MAD2-shRNA treatment. (B) Quantitative RT-PCR was used to confirm shRNA-
directed downregulation of MAD2 expression. (C) Numbers of colonies in the RPGRIP1L-shRNA2 SK-Hepl-stable transfectants
treated with the MAD2-shRNA decreased significantly (P < 0.05) in comparison with control shRNA. The bars show the
means * SDs. Experiments were performed in triplicate, and representative results are shown.
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growth in comparison with control shRNA was found (Fig. 5C,
P <0.05). These results may at least partly explain the in-
creased tumour cells survival through Mad2 protein. Similar
results were found in RPGRIP1LM HepG2-stable transfectants
(data not shown).

4, Discussion

In this study, we cloned and characterised a novel putative tu-
mour suppressor gene, RPGRIPIL, located at chromosome
16912.2 with high frequency of LOH in HCC. Downregulation
of RPGRIPIL was found in 91% (10/11) of HCC cell lines and
in 35% (14/40) of HCC clinical specimens. We have shown that
this mutant form RPGRIP1LM can enhance HCC cell transfor-
mation. A similar effect on HCC cells as RPGRIPI1LM transfec-
tants was also found in RPGRIP1L-shRNA transfectants.
Furthermore, we demonstrated that the possible mechanism
by which RPGRIPIL suppresses tumour cell transformation
may be partly through regulating Mad2.

From analysis of amino acid sequence of RPGRIP1L, its pro-
tein sequence shares similarity with RPGRIP1 (Retinitis Pig-
mentosa GTPase Regulator Interacting Protein 1). Recently,
two papers have reported that RPGRIPIL is mutated in Joubert
syndrome, an autosomal recessive disorder.?>?* They identi-
fied missense and truncating mutations in RPGRIP1L in both
CORS (cerebello-oculo-renal syndrome) and MKS (Meckel syn-
drome),?*?* and showed that inactivation of the mouse ortho-
log Rpgrip1l (Ftm) recapitulates the cerebral, renal and hepatic
defects of CORS and MKS.** Additionally, they found that
RPGRIP1L colocalises at the basal body and centrosomes with
the protein products of both NPHP6 and NPHP4,%>2* which are
the known genes associated with MKS and CORS. In addition,
the RPGRIP1L missense mutations found in CORS individuals
diminish the interaction between RPGRIPIL and nephrocy-
stin-4.2%?* It is worth exploring any biological relevance be-
tween this finding and the results presented in this report.

RPGRIP1L was frequently downregulated in HBV-associated
HCCs with a significant correlation (Supplementary Table 3,
P<0.05). RPGRIPIL was also frequently downregulated in
HCCs with LOH at 16q12.2 (80% (8/10) versus 5% (1/20),
P <0.05). This finding is consistent with our previous data
showing that LOH at 16q12.2 is frequently found in HBV-asso-
ciated HCC.2?° The putative promoter region of RPGRIP1L,
which located at the upstream 1000bp from transcription
start site, was predicted by UCSC genome browser (http://gen-
ome.ucsc.edu/). We used methylation-specific PCR (MSP)
(Supplementary Fig. 4) and bisulfite sequencing (data not
shown) to analyse whether there is any promoter methylation
in the putative promoter region of RPGRIPIL. Our data showed
that promoter methylation of RPGRIP1L was not present in
HCC samples. Therefore, we suggest that downregulation of
RPGRIPIL is closely related to LOH at 16q12.2, not promoter
methylation. However, RPGRIPIL was upregulated (>1.5-fold)
in 5 of the 40 HCC cases (12.5%, 5/40) (Table 1). Further inves-
tigation is needed to explain this result.

Furthermore, we showed that Mad2, securin and survivin
were elevated in RPGRIP1LM-HepG2 transfectants (dominant
negative form) and RPGRIP1L-shRNA- SKHepl transfectants,
and promoted HCC cell survival and colony formation. After
MAD2 knockdown, RPGRIP1L-shRNA-SKHepl transfectants

gave rise to a significant reduction of about 50% in colony for-
mation ability in comparison with control shRNA (Fig. 5C,
P <0.05). Upregulation of MAD2 is a frequent event seen in
HCC cell lines (Supplementary Fig. 5). Mad2 expression must
be tightly regulated because both reduced amounts and over-
production of this protein induce aneuploidy.”>?%3° Mice over-
expressing Mad2 undergo frequent chromosome
missegregation and accumulate aneuploid cells, as do mice
with low amounts of Mad2.2>?® However, compared with mice
with low Mad2 levels, mice with high levels of the protein
have a much wider tumour spectrum than Mad2-haploinsuf-
ficient mice.?>?® Taken together, our data suggest that
RPGRIP1L might be involved in mitotic spindle checkpoint dur-
ing chromosome segregation. Once inactivation of RPGRIP1L
occurs, MAD? is activated and overexpressed in tumour cells.
This could partly explain why inactivation of RPGRIP1L could
enhance tumour cell survival and colony formation. Never-
theless, the mechanism underling these results may not be
simply explained by the mitotic spindle checkpoint, and thus
it needs further investigation to elucidate.

In summary, we have characterised a basal body gene,
RPGRIP1L, located at chromosome 16q12.2, and provided evi-
dence that RPGRIPIL is a reasonable candidate for the
16q12.2-tumour suppressor gene in HCC, especially in HBV-
associated HCC.
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