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Abstract
Although metastasis-associated lung adenocarcinoma transcript (MALAT)-1 is known to be
consistently upregulated in several epithelial malignancies, little is known about its function or
regulation. We therefore examined the relationship between MALAT-1 expression and candidate
modulators such as DNA tumor virus oncoproteins human papillomavirus (HPV)-16 E6 and E7,
BK virus T antigen (BKVTAg), mouse polyoma virus middle T antigen (MPVmTAg) and tumor
suppressor genes p53 and pRb. Using suppressive subtractive hybridization (SSH) and real-time
reverse transcriptase polymerase chain reaction (RT-PCR) assays, MALAT-1 was shown to be
increased in viral oncongene-expressing salivary gland biopsies from humans and mice. The
results also indicated that MALAT-1 transcripts and promoter activity were increased in vitro
when viral oncongene-expressing plasmids were introduced into different cell types. These same
viral oncogenes in addition to increasing MALAT-1 transcription have also been shown to inhibit
p53 and/or pRb function. In p53 mutant or inactive cell lines MALAT-1 was also shown to be
highly upregulated. We hypothesize that there is a correlation between MALAT-1 over-expression
and p53 deregulation. In conclusion, we show that disruption of p53, by both polyoma and
papilloma oncoproteins appear to play an important role in the up-regulation of MALAT-1.
MALAT-1 might therefore represent a biomarker for p53 deregulation within malignancies.
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Introduction
Metastasis-associated lung adenocarcinoma transcript-1 (MALAT-1) is a novel large,
noncoding RNA. The MALAT-1 gene, also known as the α gene, is found on chromosome
11q13 and is well conserved among mammalian species [1]. The MALAT-1 transcript is
widely expressed in normal human and mouse tissue, has been shown to localize to the
nucleus[2] and its 3′ end can be processed to yield a tRNA-like cytoplasmic RNA[3].
MALAT-1, has been shown to be a potentially generic marker for epithelial carcinomas[4–
7]and is greatly up-regulated in lung adenocarcinoma metastasis[1] endometrial stromal
sarcoma of the uterus[7], nonhepatic human carcinomas[5] and recently was reported to be
overexpressed in placenta previa and to play a role in trophoblast invasion regulation [8].
Up-regulation of MALAT-1 also has been shown to predict unfavorable outcomes of drug
therapy in patients with osteosarcoma[4] and its 3′ end is an important biological motif in
the invasion and metastasis of colorectal cancer cells [9]. These malignancies all have been
associated with malfunction of p53[10; 11] a nuclear transcription factor that plays a role in
cellular stress, including its accumulation during DNA damage and oncogene activation.
P53 has been established as a key tumor suppressor, apoptosis inducer, and prognostic
marker in cancer, with about 50% of human tumors encoding for a mutated p53 gene[12].

Several small DNA tumor viruses affect p53 function, including the polyomaviruses, the
adenoviruses, and the papillomaviruses. These viruses play a role in the development of
cancer in humans by encoding for proteins that interact with tumor suppressor genes p53
and pRb[13]. Polyomavirus large T antigen, for example, binds to and inhibits p53 and
pRb[14–16]. The mouse polyoma virus middle T antigen (MPVmTAg) prevents p53-
induced apoptosis through the phosphatidylinositol 3-kinase (PI3K) signal transduction
pathway by way of PP2A interactions[17]. Adenovirus E1B[18] and high-risk human
papillomavirus (HPV-16) E6[19] proteins both bind to and compromise p53 function,
whereas HPV-16 E7 inhibits pRb function[20]

The genomes of small DNA tumor viruses have consistently been detected in certain
malignancies. HPV is consistently detected in cervical cancer[21] and in a subset of oral
cancers[22], whereas BK virus (BKV) DNA has been isolated in several human tumors,
both integrated into the genome and episomally, including in bone, pancreatic islet cells, the
kidney, the urinary tract, the prostate, and various brain tissues[23–29]. In addition,
overexpression of polyoma virus mTAg has been shown to cause salivary gland enlargement
in mice and pathology similar to that observed in human salivary gland disease[30; 31].

We hypothesized that MALAT-1 expression is affected by dysregulation of tumor
suppressor p53. We used viruses, viral gene products, and cell lines to test the modulation of
a cloned MALAT-1 promoter and to determine the effect of p53 or p53 mutants on
MALAT-1 expression. We also conducted in vivo testing of MALAT-1 expression in a
transgenic mouse model of salivary gland disease (SGD) and in 4 subjects with HIV-
associated SGD (HIVSGD).
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Materials and methods
Subjects, animals and cell culture

Minor salivary glands (MSG) were dissected from the lower lips of 4 HIV positive patients
with SGD and from 4 healthy control subjects (with or without ranula) in IRB approved
protocol at either the UNC University Hospital dental clinic or UCSF Oral AIDS Center.
Biopsy samples were snap-frozen and kept in liquid nitrogen or formalin-fixed and
embedded in paraffin until the RNA extraction procedure. Four MMTV/PyV-mT transgenic
mice and 4 wild type mice parotid samples were kindly donated from Dr. Lesley Ellies.

HSG cells are an epithelial cell line isolated by using tissue culture techniques from an
irradiated human submandibular salivary gland which showed no neoplastic lesion[32].
HSG cells were obtained as a gift from Dr. B. Baum (NIH) and cultured in McCoy’s 5A
medium (Sigma). African monkey kidney cells or Vero cells (American Type Culture
Collection [ATCC]) were cultured in DMEM (Sigma). All cell types were grown in medium
supplemented with 10% fetal bovine serum (FBS) (Sigma), and 1% penicillin-streptomycin
(pen/strep)(Gibco) unless otherwise stated and maintained in a humidified 37°C, 5% CO2
chamber.

Suppression Subtractive Hybridization (SSH)
One to two μg of pooled biopsied salivary glands from HIV-SGD patients and pooled
control (healthy persons) RNA was sent to Evrogen (Russian Republic) for SSH. In brief,
SMART technology was used to synthesize cDNA, which was subsequently digested with
RsaI in preparation for subtraction in both directions (HIV-SGD as driver/control as tester,
and vice versa). Adaptors were ligated to the two cDNA populations, followed by two
rounds of hybridization and amplification. The secondary PCR products from the two
subtracted populations were then ligated into the pAL9 vector.

Sequencing of subtracted cDNA library
Two hundred and fifty positive clones from each of the subtractions were randomly selected
and cultured in 1.5 mL LB-medium in duplicate 96-well plates at 37 °C overnight. Clones
were selected by blue-white screening (Promega) and sequenced using a M13 forward
promoter (−21) primer (5′-TGT AAA ACG ACG GCC AGT-3′) and BigDye 3.0 sequencing
mix (Applied Biosystems) before analysis by capillary electrophoresis on an ABI 3700
genetic analyser (Applied Biosystems). The sequences of the inserts of differentially
expressed genes were identified using NCBI Blast search (blastn).

RNA extraction and cDNA synthesis
Total RNA was extracted from pooled MSGs of HIV-SGD patients, pooled MSGs of
healthy controls, mouse parotid frozen tissues and Vero cells using RNeasy MiniKit
(Qiagen, USA). Total RNA isolation from formalin fixed tissue using the Optimum FFPE
RNA Isolation Kit (Ambion Diagnostics, INC) according to manufacturer’s instructions.
The RNA was suspended in nuclease-free water and quantitated by UV spectrophotometry,
aliquoted and stored at −80°C. One μg total RNA from the HIV-SGD and control tissues,
mice parotid tissue and Vero cells were reverse transcribed to cDNA using random primers
and the SuperScript™ II Reverse Transcriptase (RT) Kit (Invitrogen) as described by the
manufacturer. Contaminating DNAs were removed by use of RQ1 DNase kit (Promega) as
described by the manufacturer.
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Northern Blot
Total RNA was isolated using TRizol (Invitrogen) as described by the manufacturer.
Contaminating DNAs were removed by use of RQ1 DNase kit (Promega) as described by
the manufacturer. 10 ug of RNA was subjected to electrophoresis and Northern blotting.
MALAT-1 was hybridized with a 32P-labeled oligonucleotide probe for MALAT-1

Semi-quantitative and quantitative real-time RT-PCR
Semi-quantitative RT-PCR was performed using previously published primers for T
Ag[33]and Taq Polymerase (Qiagen, USA). The following program was used for
amplification: 95°C for 2 min (1x); 94°C for 45 sec, 56°C for 45 sec, 72°C for 30 sec with 2
sec increase per cycle (35x), 72°C for 10 min (1x). Amplified cDNA was electrophoresed on
2% agarose gel (Sigma). Real time RT-PCR was performed with LightCycler 480 Syber
Green I Master Mix in the presence of transcribed cDNA and 0.25mM of gene specific
primers. Experiments were performed in duplicate and β-actin was used as an internal
control. Duplicate or triplicate Ct values were averaged, normalized to an average β-actin Ct
value, and fold activation in healthy vs diseased tissue was calculated using the 2-ΔΔCt
method. For Vero cells, gene expression values are presented as the changes (n-fold) in T
Ag transcript levels, with the levels in non-transfected/mock samples arbitrarily set to 1.

Immunofluorescence/Immunohistochemistry
Frozen sections were cut from minor salivary glands (HIV-SGD and control glands) and
from mouse parotid glands (transgenic and wild type) for immunofluorescent analysis.
Tissue sections were fixed, blocked, then stained with either PAb416 (Genetex) antibody
specific for SV40 T antigen or IgG isotype control. PAb416 has been shown to cross react
with BKV Tag and is commonly used for BKV Tag detection. Both antibodies were
incubated with fixed cells for 1 hr at 37°C followed by a fluorescencein-conjugated anti-
mouse (Sigma) antibody (1:20). Slides were overlaid with Vectashield (Vector Laboratories)
then subjected to immunofluorescence microscopy.

Formalin fixed sections were deparaffinized, and washed. Slides were incubated in 3%
hydrogen peroxide and blocked and incubated with PAb416 (Genetex). DAKO LSAB+
peroxidase kit (DAKO Corporation) was used according to manufacturer’s specifications.

Plasmid cloning, transfection and infection
A 5.5 kb region upstream of MALAT-1 transcription site was amplified using primers
5′GGGACGCGTAAAGAGGATTCTATCTAACAAGGA3′ and
5′GGGCTCGAGGAAACGTGAAAACCCACTCT3′ and inserted into pSeap2-Basic
expression cloning vector (Clontech) using restriction sites MluI and XhoI. To determine
MALAT-1 promoter activity, Vero cells were first infected with BKV as previously
described[34] with 64 HAUs of virus for 24 h. At 24 h post infection (hpi), virus was
removed from the culture media, cells were washed with 1X PBS and replaced with fresh
medium containing the MALAT-1 promoter plasmid and β-gal construct plus transfection
reagent. At stated times post transfection the cell monolayers or supernatant were collected
for immunoblot assays, beta-galactosidase enzyme assay (Promega) or secreted alkaline
phophatase enzyme assay (Promega) according to manufacturers instructions.

Immunoblotting
Total cell protein was extracted using 1% SDS lysis buffer (1% (w/v) SDS, 0.05M Tris.Cl
pH8, 1mM DTT). Protein concentrations were determined using the BioRad protein assay,
and equal amounts of protein were electrophoresed on a 10% Bis-Tris polyacrylamide
minigel (Invitrogen). PAb416 (1:200) (Genetex) in 5% non-fat dry milk in 0.1% Tween-20
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PBS (PBS-T) was used to detect T Ag expression and Actin (C-11)-R sc-1615-R (1:1000)
(Santa Cruz Biotechnology) in 1% BSA/TBS-T for actin expression. After washing in PBS-
T/TBS-T, blots were probed with a horseradish peroxidase-conjugated secondary antibody
(1:10,000) (Promega). Antibody complexes were detected using SuperSignal West Pico
Chemiluminescent substrate (Thermo scientific) and exposed to film (Kodak).

Beta galactosidase enzyme assay
β-Galactosidase Enzyme Assay System with Reporter Lysis Buffer (Promega) was
performed according to manufacturer’s instructions. Briefly, cells were collected,
centrifuged and resuspended in 1X lysis buffer and transferred in triplicate to 96 well plates.
Diluted sample was added to an equal volume of Assay 2X Buffer, which contained the
substrate ONPG (o-nitrophenyl-beta-D-galactopyranoside). Samples were incubated for 30
minutes, terminated by addition of sodium carbonate, and the absorbance read at 420 nm
with a spectrophotometer.

Secreted alkaline phosphatase reporter gene assay, chemiluminescent
SEAP assay was performed according to manufacturer’s instructions. Briefly, culture
supernatant from transfected or mock (untreated) cells were collected at stated times post-
transfection. Collected sample was diluted 1:4 in Dilution buffer, heated at 65°C for 30 min
then centrifuged at maximum speed to 30 s. Heat-treated samples were then transferred to a
microplate (black or white), inactivated with Inactivation Buffer then treated with Substrate
Reagent. Chemiluminescence was measured using a luminometer.

Statistical Analysis
One-way ANOVA tests were performed to determine statistically significant differences in
MALAT-1 promoter activation and expression using Graph pad software.

miRNA Prediction
The entire MALAT-1 sequence was imported into an online program mfold (http://
www.bioinfo.rpi.edu/applications/mfold) to predict the presence of micro RNAs within the
genome.

Results
Differential gene expression in HIV-SGD by SSH

Differential gene expression in minor salivary glands from patients with HIV-SGD and
healthy control subjects were examined with the use of SSH. Pooled RNA from four HIV-
SGD positive subjects and from four HIV negative subjects was utilized to diminish
individual variation. Two SSH libraries were constructed, disease (plus) and healthy library
(minus). The minus library was enriched for genes whose expression was suppressed in
HIV-SGD and the plus library was enriched for genes whose expression was induced by
disease development. 250 randomly selected clones were sequenced from the minus SSH
library and 250 clones from the plus library; of those 232 and 208 contained cDNA inserts,
respectively. The SSH library was automatically processed using a specifically created
software tool. This processing included 3 basic steps: finding adaptor sequences on the 5′
and 3′ ends of a clone as markers and extracting a fragment from the clone, blasting the
batch of fragments, clustering alignments and linking with unique gene identification. We
were able to align 436 sequences with known or predicted human genes. Our total number
of alignments reached 502 due to 57 chimeric clones which had 2 or three clones from
different RNA’s linked together during SSH. Of the 436 cDNAs 73 sequences were
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identified that did not match to any known or predicted mRNAs but aligned with the human
genomic DNA and with EST databases. These were considered novel.

A non redundant set of the genes was created which excluded highly expressed clones
present in both disease and healthy genes in the plus library. There were 6 genes found more
than once among sequenced SSH clones in each of the libraries (Table 1). It was shown
previously that a number of cDNA fragments corresponding to a gene in the SSH library
correlates with a degree of differential expression of the gene[35]. Considering all of the
differentially expressed clones detected by SSH analysis, major functional classes of
transcriptionally regulated genes in minus library included signal transduction (9%), cell
cycle(8%), immune/defense(8%), synthesis/development/differentiation (8%) and transport
(8%). Transcriptionally regulated genes in the plus expression library included those
involved in signal transduction (15%), synthesis/development/differentiation(13%),
apoptosis(8%), metabolism(8%) and transport. The largest category of de-regulated genes
were unknown, among these was the metastasis associated lung adenocarcinoma transcript-1
(MALAT-1).

MALAT-1 transcript and promoter activity is deregulated in the absence of p53 expression,
in vitro

A reporter assay was developed to assess activation of MALAT-1’s enhancer/promoter
region. First, we examined the MALAT-1 enhancer/promoter region 5.5 kb upstream of the
ATG start site by means of open-source software (PROMO 3.0; available at http://
alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgidirDB=TF_8.3)[36]. This program
identifies putative transcription factor binding sites in DNA sequences from the species (or
group of species) of interest. The similarity between the sequence examined and the
transcription binding site is > 98% (or dissimilarity is < 2%). Figure 1A shows the
transcription sites found in the enhancer/promoter region of MALAT-1. We then quantified
the MALAT-1–secreted embryonic alkaline phosphatase (SEAP) by chemiluminescent
assay (Roche Diagnostic) and transiently cotransfected the reporter construct into p53-
negative, sarcoma osteogenic (SAOS) cells with or without plasmids encoding wild-type
p53 or p53 mutants R273H (a contact mutation), R175H (a structural mutation), H178Y, and
L22QW23S[37–39]. The first two mutants are considered hot-spot mutations; that is, they
abolish the wild-type tumor suppression function of p53 [40; 41]. The H178Y mutant has
been shown to rescue the loss of function G245S phenotype when coexpressed in vitro. The
L22QW23S mutant maintains its ability to bind to p53-specific DNA elements but lacks
transactivation activity[37]. Cotransfections were performed using p53 expression plasmids
and MALAT-1 promoter in pSEAP vector and supernatant collected at 72 hours post
transfection. Higher MALAT-1 expression levels were detected in cells that did not express
p53 or that contained p53 mutations (Figure 1B). We also examined MALAT-1 expression
profiles in cell lines containing p53 mutations (C33A, HSG), those containing DNA tumor
viruses that sequester p53 (CaSki, SiHa), p53-negative cells (SAOS), and cells containing
wild-type p53 (OKF6-Tert). Only the cell types expressing wild-type p53 showed low
MALAT-1 levels (Figure 1C). These differences were statistically significant (P < 0.001).

To further investigate the role of p53 in deregulating MALAT-1 expression, we over-
expressed HPV16 oncogenes E6 and E7 which inhibit p53 and pRb respectively. Our results
showed that over expression of HPV-16 E6 in oral keratinocytes significantly enhanced
MALAT-1 expression while HPV-16 E7 did not. Coexpression of both E6 and E7 resulted
in a net increase in MALAT-1 transcription (Figure 2A).

To confirm that viral oncogenes that inhibit p53 may play a role in MALAT-1 deregulation,
we infected or transfected BK virus or viral genome into HSG or Vero cells. BKV T ag
binds to and inhibits p53 and pRb function[16]. Both human parotid salivary gland (HSG)
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and African monkey kidney (Vero) cells were used for in vitro studies because BKV has
been shown to replicate in both cell types[34]. MALAT-1 transcript levels were 1.6-fold
higher in BKV-infected salivary gland cells versus uninfected/mock cells 4 days after
infection (Figure 2B). MALAT-1 transcription was also consistently increased in Vero cells
that overexpressed BKV whole genome compared to empty vector and nontransfected
according to Northern blot testing (Figure 2B). Semi-quantitative real-time reverse
transcriptase polymerase chain reaction (RT-PCR; Figure 2C), and quantitative real-time
RT-PCR (Figure 2D) for MALAT-1 in T antigen transfected Vero cells also showed an
increase in MALAT-1 transcripts. A 2.3 and 5.5 fold increase in MALAT-1 at 24 and 48
hours post transfection was detected by qRT-PCR in Vero cells.

To assess the correlation between p53 and T ag oncogene expression, we measured T ag and
p21 transcript levels in BKV infected Vero cells. T antigen is known to bind to and inhibit
p53 activity, while p21 is a downstream effector of p53 and would be expected to decrease
in the absence of p53 expression. The results as expected indicated that p21 transcripts were
low with high levels of BKV T ag expression, and high with low levels of T ag expression
(Figure 2E). To determine whether BKV T ag expression regulates MALAT-1 promoter
activity, we transfected Vero cells with the MALAT-1 promoter followed by BKV infection.
MALAT-1 promoter activity was up-regulated 7-fold at 72 hours post BKV infection in
comparison to uninfected. BKV T ag expression within these cells was confirmed in the
immunoblot assay (Figure 2F). BKV T ag comprises of several transcription binding sites
including p53 and pRb. To determine whether p53 or pRb plays a role in MALAT-1
regulation, we co-transfected both Vero (wild-type p53) and HSG (mutated p53) cells with
either BKV T ag or BKV T ag pRb-binding mutant and the MALAT-1 promoter expression
plasmid. The results showed that MALAT-1 promoter activity was increased compared to
vector only in Vero cells regardless of T ag phenotype (Figure 2G). Whereas, in HSG cells
containing mutant p53, neither wild-type TAg nor Rb further enhanced MALAT-1
transcription above vector alone (Figure 2H)

Next, we investigated MALAT-1 levels in an in vivo model of BK T antigen-expressing
salivary gland premalignant lesion (HIVSGD). Among all of the differentially expressed
clones detected by SSH analysis, the most common category of deregulated genes was the
“unknown” category, which included MALAT-1 (Table 1). Quantitative real-time RT-PCR
detected a 2.6-fold increase in MALAT-1 expression in pooled DNA analysis from patients
with HIVSGD versus healthy controls (Figure 3A). Semi-quantitative real-time RT-PCR
likewise detected up-regulation of MALAT-1 in individual DNA samples from four patients
with SGD (A–D) versus four healthy controls (A–D) (Figure 3A).

Immunohistochemical analysis of salivary gland biopsy samples from three patients with
HIVSGD detected BKV T ag protein within the tissues as well as in a BKV positive kidney
control with BKV nephropathy (BKVN) (Figure 3B, top). In addition, p53 was colocalized
with BKV T ag within biopsied salivary glands from the patients with SGD (representative
figure, Figure 3B, bottom). Downstream effectors of p53 (p21, PIGP-1, and WIG-1) were
consistently down-regulated in semi-quantitative (left) and quantitative real-time (right) RT-
PCR, whereas ING-3, negatively regulated by p53 expression and T ag was overexpressed,
in both pooled cDNA (data not shown) and individual samples from patients with HIVSGD
compared with healthy controls (Figure 3C).

In the murine model of polyomavirus-associated SGD, semi-quantitative real-time RT-PCR
detected greater amplification of MALAT-1 cDNA from four transgenic mice with SGD,
whereas transcripts were consistently reduced in four wild-type mice (Figure 3D, middle).
Immunofluorescence studies detected T ag within biopsied salivary glands of transgenic
mice but not in the wild-type mice (Figure 3D, top). Both ING-3 and MALAT-1 were
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greatly upregulated in transgenic mice versus wild-type mice in quantitative real-time RT-
PCR assay (Figure 3D, bottom).

Discussion
MALAT-1 is known to be up-regulated in several epithelial malignancies, including non-
small cell lung tumors, stromal sarcomas, and nonhepatic carcinomas[4–7; 42]. In this series
of in vitro and in vivo experiments, we noted substantial MALAT-1 up-regulation in the
presence of polyoma and papilloma oncoproteins that disrupt or negate p53 expression/
function. In contrast, the pRb pathway did not appear to be critical to MALAT-1 regulation.
Regardless of the mechanism of p53 deregulation—expression of frequently mutated p53
sites (Figure 1) or expression of tumorvirus oncoproteins targeting p53 (Figure 2 and 3)—
MALAT-1 was consistently overexpressed. Thus MALAT-1 might represent a biomarker
for p53 dysregulation within malignancies.

MALAT-1 expression in CaSki cells has been shown to be involved in cervical cancer cell
growth, cell cycle progression, and invasion[43]. CaSki cells harbor HPV-16, a small DNA
tumor virus that encodes for the E6 protein. This protein is known to form complexes with
p53 and target it for degradation[43]. In contrast, the HPV-16 E7 protein is known to
sequester pRb and inhibit its normal function in the cell cycle. The enhanced expression of
MALAT-1 in the presence of HPV-16 E6, and its downregulation in the presence of
HPV-16 E7, lend support to the hypothesis that p53, but not the pRb pathway, appears to be
critical to MALAT-1 modulation (Figure 3).

In normal tissues, MALAT-1 is expressed in numerous cell types, with the highest relative
expression found in the normal pancreas and lung (~2.0- and 1.6-fold relative increases in
expression, respectively)[1]. Its expression is also associated with epithelial cell
malignancies such as non-small cell lung cancer[1] endometrial stromal sarcoma[7] and
nonhepatic carcinomas[5]. Of interest, all of these cancers are associated with p53 mutation
(Table 2). However, normal salivary gland cells appear to express negligible MALAT-1[1].
Our study shows, for the first time, that the presence of a polyoma virus (BKV) is linked to
up-regulation of MALAT-1 in patients with HIVSGD. Interestingly, the perinuclear BKV
Tag staining pattern in HIVSGD is very similar to that detected by the Imperiale group in
prostate dysplasia[2; 3]. Moreover, oncoprotein expression from three distinct DNA tumor
viruses - HPV-16, BKV, and mouse polyoma virus -are capable of upregulating MALAT-1
potentially via p53 deregulation. Interestingly, using an mRNA folding prediction program it
appears that the 3′ end of the MALAT-1 gene may encode a microRNA (miRNA) (Figure
4). miRNAs are single-stranded RNA molecules of 21–23 nucleotides in length, which
regulate gene expression. miRNAs are encoded by genes from whose DNA they are
transcribed but miRNA are not translated into protein, that is they are non-coding RNA;
instead each primary transcript (a pri-miRNA) is processed into a short stem-loop structure
called a pre-miRNA and finally into a functional miRNA. Mature miRNA molecules are
partially complementary to one or more messenger RNA (mRNA) molecules, and their main
function is to down-regulate gene expression. Like known miRNAs, MALAT-1 is a non-
coding transcript, folds into a short stem loop structure at the 3′ end and is conserved across
mammalian species. Modulation of MALAT-1 expression by p53, perhaps by miRNA
regulation, is intriguing and opens the door toward understanding the regulation of this
important malignancy-associated gene. Investigation of MALAT-1 as a miRNA is currently
being explored and potential targets in SGD will be determined. In the meantime,
MALAT-1 might represent a biomarker for p53 deregulation within malignancies.
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Figure 1.
MALAT-1 promoter activity and transcript levels correlate with p53 activity. A. Several
consensus binding sites were detected upstream of the MALAT-1 start site, including five
p53 binding sites (green), three T antigen binding sites (red), two TCF-2 binding sites
(purple), and two E2F-1 binding sites (blue). B. Representative data showing significantly
increased MALAT-1 promoter activity in p53-deficient SAOS cells 72 hours after
transfection with p53-expressing constructs. C. Representative levels of MALAT-1
expression in different cell types with or without p53 gene expression, presented as the
change (n-fold) in MALAT-1 transcript levels (level in OKF6 cells arbitrarily set to 1).
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Figure 2.
MALAT-1 promoter activity and transcript levels correlate with DNA tumor virus oncogene
expression. A. Representative data showing increased MALAT-1 promoter activity 48 hours
after HPV16 E6 transfection and not with HPV16 E7. B. Higher levels of MALAT-1
transcription, expressed as n-fold change in BK polyomavirus-infected human parotid gland
(HSG) cells. Levels in mock samples were arbitrarily set to 1. Left. Northern blot showing a
four-fold increase in MALAT-1 transcript levels in Vero cells transfected with BKV DNA.
Right C. Semi-quantitative real-time RT-PCR shows amplified MALAT-1 cDNA bands
from BKV-transfected Vero cells at stated times after transfection. D. Quantitative real-time
RT-PCR shows increased MALAT-1 transcript levels in BKV-transfected Vero cells at
stated times after transfection. Expression values presented as the change (n-fold) in
MALAT-1 transcript levels, with levels at time 0 arbitrarily set to 1. E. Quantitative real-
time RT-PCR showing BKV Tag and p21 transcript levels over stated times after BKV
infection. F. MALAT-1 promoter activity in BKV-infected and uninfected Vero cells at 48
and 72 hours after transfection. Top. BKV T ag protein (top) detected in Vero cells infected
with BK virus and transfected with the MALAT-1 promoter plasmid. G. BKV T ag up-
regulated MALAT-1 promoter activity regardless of T ag pRb binding status in Vero cells

Jeffers et al. Page 15

J Cancer Ther. Author manuscript; available in PMC 2013 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



containing wild-type p53 compare to positive and negative controls, pSEAPc and pSEAPb,
respectively. H. Neither wild-type BKV T ag nor T ag pRb binding mutant enhanced
MALAT-1 transcript levels in human salivary gland cells containing mutant p53 expression.
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Figure 3.
MALAT-1 transcript levels correlate with DNA tumor virus oncogene expression in vivo.
A. Quantitative real-time RT-PCR showing up-regulation of MALAT-1 in pooled DNA
from four patients with HIV associated salivary gland disease (HIV SGD) compared with
healthy control subjects, Top. Semi-quantitative real-time RT-PCR showing up-regulation of
MALAT-1 in DNA from four patients with HIV SGD versus healthy control subjects,
Bottom. B. Nuclear BKVT ag (red arrows) detected via immunohistochemical analysis of
representative biopsy samples from three patients with HIV-related SGD (Patient A 20X, B
40X, C 20X with inset at 40X) and in BKV-infected kidney cells from an individual with
BKV nephropathy (positive control at 10X), Top. BKV T ag protein (red) and p53 protein
(green) colocalized within salivary gland biopsy tissue from patients with HIV SGD (at 40X
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magnification) C. Semi-quantitative (left) and quantitative real-time RT-PCR (right)
showing detection of BKV T ag in HIV SGD and not in healthy controls, down-regulation
of p53-regulated genes p21, PIGP1 and WIG1 and up-regulation of ING3 in salivary gland
tissue from patients with HIV SGD versus healthy controls. Healthy cDNA levels were
arbitrarily set at 1. D. BKV T ag protein (red) detected via immunofluorescence in three
middle T ag-expressing transgenic mice with SGD (left) compared with wild-type mice
without the disease (20 and 40X magnification) (right), Top. Semi-quantitative real-time
RT-PCR showing up-regulation of MALAT-1 transcript levels in transgenic mice salivary
gland biopsies compared with wild-type mice, Middle. Quantitative real-time RT-PCR
showing up-regulation of MALAT-1 and ING3 in transgenic mice with SGD versus wild-
type mice. Wild-type cDNA levels arbitrarily set at 1, Bottom.

Jeffers et al. Page 19

J Cancer Ther. Author manuscript; available in PMC 2013 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Model of MALAT-1 regulation including predicted miRNA at the 3′ end of the MALAT-1
RNA.
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Table 1

Genes up-regulated in polyomavirus-associated salivary gland disease as assessed by suppressive subtractive
hybridization

Gene Description Category No. of clones

MALAT-1 metastasis-associated lung adenocarcinoma transcript 1 (noncoding RNA) Unknown 4

PIGR polymeric immunoglobulin receptor Immunity 3

CYTB Cytochrome B Transport, Mitochondria 3

HLA-B major histocompatibility complex, class I, B Immunity 2

PIP prolactin-induced protein Immunity 2

RPLP0 ribosomal subunit protein L16 Protein synthesis 2
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Table 2

Correlation among cancers that express high MALAT1 transcripts, involve p53 deregulation and are
associated with DNA tumor virus infection.

Human carcinomas p53 status MALAT-1 over-expressed

Endometrial Stromal Sarcoma[7] P53 nuclear accumulation[44] Yes

Hepatocellular Carcinoma[5] P53 mutation[5] Yes

Non Small Cell Lung Cancer[1] P53 mutation[12] Yes

HIV-Salivary Gland Disease (premalignant) N/D Yes

Osteosarcoma[4] P53 mutation[45] Yes

Breast[5] P53 nuclear accumulation[46] Yes

Pancreas[5] P53 mutation[47] Yes

Colon[5] P53 mutation[48] Yes

Late-Stage Prostate Cancer[5] P53 mutation[49] Yes

Cervical (CaSki cell line) [41] HPV inhibits P53 activity[50] Yes

Endometrial Stromal Sarcoma [7] P53 nuclear accumulation[44] Yes

Hepatocellular Carcinoma[5] P53 mutation[5; 45] Yes

Non Small Cell Lung Cancer[1] P53 mutation[12] Yes

HIV-Salivary Gland Disease (premalignant) N/D Yes

Osteosarcoma[4] P53 mutation[46] Yes

Breast[5] P53 nuclear accumulation [47] Yes

Pancreas [5] P53 mutation[48] Yes

Colon[5] P53 mutation[49] Yes

Late-Stage Prostate Cancer[5; 45] P53 mutation[50; 51] Yes

Cervical (CaSki cell line)[43] HPV inhibits P53 activity[52] Yes
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