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We previously reported frequent truncating mutations of the RNA-binding protein gene, La ribonucleoprotein domain
family, member-7 (LARP7) in gastric cancers (GCs) with frequent microsatellite instability. LARP7 negatively regulates
positive transcription elongation factor-b (p-TEFb) by binding to and stabilizing 7sk RNA. p-TEFb has been linked to
proliferation and de-differentiation in various tissues. Therefore, we reasoned that loss of LARP7 may contribute to
gastric tumorigenesis. In this study, we evaluated LARP7 mRNA expression in 18 GCs, their corresponding non-neoplastic
gastric tissues (NGC), and 18 normal gastric tissues from healthy individuals (NN). We also assessed the effects of transient
small interfering (siRNA)-mediated LARP7 knockdown in immortalized non-neoplastic gastric epithelial cells. LARP7 mRNA
was significantly decreased in GCs (median 2.5) relative to NNs (median 14.9, Po0.01) as well as relative to their
corresponding NGCs (median 8.1, Po0.01). Transfection of an siRNA directed against LARP7 (anti-LARP7 siRNA) into non-
neoplastic gastric epithelial cells decreased 7sk levels by 72% relative to a control siRNA (Po0.01). Furthermore, anti-
LARP7 siRNA transfection increased cell proliferation by 23% (Po0.01) and cell migration by 22% (Po0.001) relative to
control siRNA transfection. Taken together, these findings suggest that LARP7 downregulation occurs early during gastric
tumorigenesis and may promote gastric tumorigenesis via p-TEFb dysregulation.
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Gastric adenocarcinoma (GC) is a major cause of cancer-re-
lated death worldwide, ranking second only to lung cancer.1

There are approximately 750 000 new cases diagnosed annually
around the world, and 5-year overall survival rates areo25%.1

It is therefore important to increase our understanding of the
molecular events underlying GC, not only to improve early
detection, but also to aid in the development of more effective
interventions. Unfortunately, precise mechanisms giving rise
to the malignant transformation of gastric epithelial cells are
not yet fully understood, awaiting the revelation of additional
genes and pathways unique to this deadly disease.2

We previously reported frequent frameshift mutation of a
novel gene, La ribonucleoprotein domain family, member-7
(LARP7, also referred to as HDCMA18P or PIP7S), in a subset

of human GC.3 LARP7 belongs to the LARP RNA-binding
protein family, which includes the lupus LA antigen gene, and
modulates the metabolism and function of a variety of RNA
species.4 LARP7 binds to and stabilizes 7sk snRNA.5,6 In turn,
the 7sk-LARP7 complex suppresses the positive transcription
elongation factor b (p-TEFb) complex. The p-TEFb complex,
consisting of CDK9 and cyclin T1, is the ubiquitous and
principal promoter of general mRNA elongation and pro-
cessing.5,7 p-TEFb is a crucial mediator of c-Myc-mediated
transcriptional activation,8 and p-TEFb hyperactivity
promotes malignant transformation of fibroblasts in vitro.9

Furthermore, LARP7 deletion has been reported to result in
transformation of a cultured mamillary epithelial cell line via
p-TEFb activation.5 Thus, these are possible pathways and
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mechanisms through which LARP7 may exert tumor-sup-
pressive effects in the stomach.

In order to assess potential tumor-suppressive properties
of the LARP7 gene in the stomach, we first evaluated LARP7
expression in non-neoplastic and neoplastic gastric tissues.
We then investigated functional effects of small interfering
RNA (siRNA)-mediated LARP7 inhibition in immortalized
non-neoplastic gastric epithelial cells.

MATERIALS AND METHODS
Materials
HFE145, an immortalized human non-neoplastic gastric epi-
thelial cell line, was previously established by H Ashktorab and
DT Smoot.10,11 In this study, 18 primary GCs and their cor-
responding non-neoplastic gastric mucosal tissues (referred to
as NGCs) were obtained at surgery from GC patients who had
not undergone any neoadjvant therapy. Surgically resected
tissues were macroscopically dissected to eliminate serosal and
muscular layers before cryostorage. An additional 18 normal
gastric mucosal tissues were obtained from individuals who
underwent endoscopy for asymptomatic Barrett’s esophagus
surveillance and exhibited no abnormalities in the stomach.
Written informed consent was obtained from all the partici-
pants according to a protocol approved by the Johns Hopkins
University School of Medicine Institutional Review Board.
Clinical and pathological characteristics are summarized
in Table 1.

Real-Time Quantitative RT-PCR (qRT-PCR)
Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and treated with RNase-free DNase.
First-strand cDNA was synthesized from 1 mg of total RNA
using a RevertAid cDNA synthesis kit (Fermentas, Glen
Burnie, MD, USA). qRT-PCR was performed using iQ SYBR
Green Supermix or iQ Probe Supermix on an iQ5 Multicolor
Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). b-Actin and GAPDH were used as normalization
controls for LARP7 mRNA and 7sk snRNA, respectively.
Methods of calculating RNA expression levels using these
controls were described previously.12 Duplicate experiments
were performed for each LARP7 mRNA measurement. For
7sk snRNA measurement, two independent experiments were
performed, each of which was carried out in triplicate. The
sequences of all primers and probes are shown in the Table 2.

Immunohistochemical Staining
In all, 5-mm-thick sections of formaldehyde-fixed and paraffin-
embedded gastric tissues were used for immunohistochemical
staining. Antigen retrieval was performed in citrate buffer (pH
6.0) according to the standard protocol. Immunohistochemical
staining was carried out using rabbit polyclonal anti-human
LARP7 antibody (1:400 dilution; LARP7-101AP, Fab Gennix,
Frisco, TX, USA) or negative control antibody (normal
rabbit IgG, Cell Signaling, Danvers, MA, USA) as the primary
antibody. Visualization of protein was carried out using an

UltraVision Detection System Anti-Rabbit HRP kit (Lab
Vision, Kalamazoo, MI, USA) and an anti-rabbit IgG secondary
antibody (PowerVision Poly HRP anti-rabbit IgG; Leica
Microsystems, Buffalo Grove, IL, USA), according to the
manufacturer’s protocol. Slides were then counterstained
with hematoxylin and examined with an Olympus BX41
photomicroscope (Olympus, Center Valley, PA, USA). All
immunohistochemically analyzed cases were included in the
cohort used for qRT-PCR analysis.

siRNA Transfection
An siRNA duplex directed against LARP7 (anti-LARP7 siRNA)
as well as a non-targeting control siRNA (control siRNA,
D-001210-05; both from Dharmacon, Lafayette, CO, USA)
were used. HFE-145 cells were seeded onto six-well plates at a
density of 2� 105 cells per well. After 24 h of culture, siRNA
was transfected at a final concentration of 60 nM using
Lipofectamine RNAiMax (Invitrogen), according to the man-
ufacturer’s protocol. LARP7 and 7sk snRNA expression levels
were measured at 48 h after transfection. Three independent

Table 1 Patient clinical and demographical data

Case class Gastric cancer Control Pa

Number 18 18

Age: mean (s.d.) 66.3 (16.2) 56.2 (19.6) 0.10

Gender 1.00

F 8 9

M 10 9

Race 0.38

Black 4 2

White 11 15

Other/unavailable 3 1

Tumor stage NA

I 2 NA

II 4 NA

III 4 NA

IV 6 NA

Unavailable 2 NA

Tumor histology NA

Intestinal 11 NA

Diffuse 6 NA

Unavailable 1 NA

Abbreviation: NA, not applicable.
a
Student0s t-test P-value for age, and Fisher0s exact test P-values for gender
and race comparison.
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siRNA transfections and triplicate RNA measurements were
carried out for each experimental condition.

Western Blotting
Cells were lysed in 100 ml of cell lysis buffer (NaCl: 149mM,
Nonidet P-40: 0.01%, Tris: 50mM, pH 7.8, and protease
inhibitor cocktail: 0.5% (Sigma, St Louis, MO, USA). Protein
concentration was determined using a BCA Protein Assay Kit
(Pierce, Rockford, IL, USA) with human serum albumin as a
standard. In all, 30 mg of each sample was loaded into each
well of a 10% TRIS-HCL gel (Bio-Rad). After electrophoresis,
protein was transferred onto a PVDF membrane (Millipore,
Bedford, MA, USA). The membranes were immunoblotted
with TBS containing 5% nonfat dry milk, washed with 0.1%
TBST and probed with 1:2000 anti-human LARP7 rabbit
polyclonal antibody (LARP7-101AP, Fab Gennix) and
1:10 000 anti-human b-actin mouse monoclonal antibody
(Cat# A3854, Sigma-Aldrich, Bedford, MA, USA), respec-
tively. Horseradish peroxidase-conjugated anti-rabbit goat
IgG (1:5000) (Calbiochem, Cat# 401393, San Diego, CA,
USA) and anti-mouse IgG (Invitrogen, Cat# 626520, Ca-
marillo, CA, USA) and an ECLWestern Blotting detection kit
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) were
used for target protein visualization. LARP7 protein levels
were measured by densitometory and normalized to b-actin
protein levels.

Cell Proliferation Assay
HFE-145 cells were re-seeded onto 96-well plates at 24 h after
siRNA transfection at a density of 1000 cells per well (day 0).
Cell proliferation was assessed at day 0, day 2 and day 5,
using the cell proliferation reagent WST-1 (Roche, Man-
nheim, Germany). In all, 10 ml of reagent was added to each
well, incubated at 37 1C for 1 h, and optical density was
measured at 660 nm (background) and 440 nm (signal) using
a plate reader (Molecular Devices, Sunnyvale, CA, USA).
Independent experiments were repeated three times, with six

replicates in each experiment. Three independent siRNA
transfections and triplicate measurements were carried out
for each experimental condition.

Cell Migration and Invasion Assays
Cell migration was measured by using transwell chamber
plates (24-well format, BD Biosciences, St Louis, MO, USA),
as described previously.13 Briefly, 5� 104 cells were seeded
onto a Transwell insert at 48 h after siRNA transfection.
Twenty percent fetal bovine serum was used as a chemo-
attractant. After 22-h incubation at 37 1C, cells that did not
migrate through the pores of the transwell inserts were
manually removed with a cotton swab. Cells present at the
bottom of the membrane were fixed in cold methanol for
10min and then stained with 0.01% crystal violet in 20%
ethanol. After 10min of incubation, the filters were washed
thoroughly in water and suspended in 300 ml of 5% acetic
acid and 5% methanol. Colorimetric readings were taken at
OD 595 nm. Independent experiments were repeated three
times, with triplicates in each experiment. Invasion assays
were performed in a similar fashion as migration assays,
except that cells were seeded onto Matrigel-coated transwell
chamber plates.14 Two independent experiments were per-
formed, with triplicates in each experiment.

Statistical Analysis
Mean and standard error values are shown as representative
values for data in figures, unless otherwise stated. Quantita-
tive data for transfection experiments were normalized to the
mean value of mock transfectants, unless otherwise stated.
Student’s t-test or one-way ANOVA testing were used for
statistical evaluation of continuous variables, unless other-
wise noted. Fisher’s exact test or w2 testing was used for
statistical evaluation of categorical data. LARP7 mRNA ex-
pression in tissues did not follow a normal distribution, thus
statistical assessment in tissues was achieved using the non-
parametric Mann–Whitney U-test, Kruskal–Wallis test or

Table 2 Primer, probe, and siRNA sequences

Gene Forward primer sequence (50–30) Reverse primer sequence (50–30) TagMan probe sequence (50–30)

LARP7 TTTGCGTTTGTGGAATTTGA AGGCTGGAATGGGCTTATTT

7sk GACATCTGTCACCCCATTGA GCGCAGCTACTCGTATACCC CGATAGAGGAGGACCGGTCT

GAPDH CAGCCTCAAGATCATCAGCA TGTGGTCATGAGTCCTTCCA

b-Actin ACCATGGATGATGATATCGCC GCCTTGCACATGCCGG CGCTCGTCGTCGACAACGACGGC

LARP7 siRNA target sequence NNGAAGAAAGGCCGAAUGAAA

Sense sequence NNGAAGAAAGGCCGAAUGAAA

Antisense sequence UUUCAUUCGGCCUUUCUUCUU
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Figure 1 LARP7 is downregulated in primary gastric cancers. (a) The LARP7 mRNA levels were assessed in 18 normal gastric mucosae from healthy

individuals (NN) as well as 18 paired gastric cancer tumor tissues (GC) and non-neoplastic gastric mucosae (NGC) by qRT-PCR. There were significant

differences in LARP7 mRNA expression levels between these three tissue groups (Po0.01, Kruskal–Wallis test). LARP7 mRNA levels relative to the average of

the NN specimens are shown in this graph. LARP7 mRNA was significantly reduced in GCs relative to NGCs as well as to NNs (Po0.01 and Po0.01,

respectively). There was an insignificant trend toward LARP7 mRNA downregulation in NGCs relative to NNs (P¼ 0.08). (b) Immunohistochemical staining of

LARP7 in representative gastric mucosal specimens (400� ). Panel i: Normal mucosa from a noncancer patient (NN) stained with negative control antibody.

This slide shows no staining, assuring the specificity of the anti-LARP7 antibody (panels ii–iv). Panel ii: The same normal mucosal specimen shown in panel i,

stained with anti-LARP7 antibody. This slide displays abundant nuclear and cytoplasmic LARP7 protein expression that is restricted to gastric epithelial cells.

Panel iii: Non-cancerous gastric mucosa from a cancer patient (NGC) stained with anti-LARP7 antibody. This slide shows abundant LARP7 staining of normal

gastric epithelial cells. As in panel ii, very little LARP7 staining is observed in stromal cells. Panel iv: Infiltrating poorly differentiated adenocarcinoma from the

same patient as panel iii stained with LARP7 antibody. This slide shows markedly reduced LARP7 staining in cancer relative to matching non-cancerous

gastric mucosa from the same patient.
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Spearman’s rank correlation. P-values o0.05 were used as a
statistical significance cutoff.

RESULTS
LARP7 mRNA Is Significantly Downregulated in
Cancerous Gastric Mucosa Relative to Non-Neoplastic
Gastric Mucosae
We first investigated the potential association of LARP7
mRNA levels with neoplastic status of human gastric mucosal
tissues. For this purpose, we analyzed 18 gastric cancers
(GCs), their corresponding non-neoplastic gastric mucosal
tissues (NGC) and 18 normal gastric mucosal tissues from
healthy individuals (NN). Cancer patients tended to be older
than healthy individuals, but this tendency did not reach
statistical significance (66.3±16.2 vs 56.2±19.6 years of age,
P¼ 0.1; Table 1). No significant difference in gender or race
was observed between cancer cases and healthy individuals
(Table 1).

LARP7 mRNA expression was significantly reduced in GCs
(median 2.5) relative to NGCs (median 8.1, Po0.01) or NNs
(median 14.9, Po0.01; Figure 1a). LARP7 mRNA expression
also showed a trend toward reduction in NGCs 8.1) vs NNs
(14.9, P¼ 0.08; Figure 1a). LARP7 mRNA expression in GCs
was not significantly associated with histological subtype (ie,
intestinal vs diffuse type) or distant metastasis. LARP7
mRNA expression was significantly and inversely correlated
with age in NGCs (Spearman rank correlation coefficient
–0.51, P¼ 0.02) but not in NNs (Spearman rank correlation
coefficient –0.36, P¼ 0.14) or GCs (Spearman rank correla-
tion coefficient –0.30, P¼ 0.22). As there was a non-
significant but large difference in age between NGCs and NNs,
we further assessed only cases older than 50 years of age. In
this age-matched comparison, the nonsignificant trend
toward decreased LARP7 mRNA expression in NGCs was not
detected (P¼ 0.42). LARP7 mRNA expression was not sig-
nificantly correlated with gender or race in any of the three
tissue categories (data not shown).

Immunohistochemical Staining Confirms LARP7 Protein
Expression in Gastric Epithelial Cells
We further examined LARP7 protein expression patterns in
the stomach by immunohistochemical staining (Figure 1b).
Normal gastric mucosae from noncancer patients (ie, NN)
showed abundant nuclear and cytoplasmic LARP7 protein
staining in epithelial cells, while stromal cells rarely demon-
strated any LARP7 staining. Reduced LARP7 protein levels
were observed in adenocarcinomas (ie, GCs) relative to their
corresponding non-cancerous gastric mucosae (ie, NGCs),
consistent with results shown in Figure 1a. As in NNs, stromal
cells in NGCs did not demonstrate marked LARP7 staining.

LARP7 Knockdown Decreases 7sk snRNA Quantity in
Gastric Epithelial Cells
The putative tumor-suppressive function of LARP7 is re-
pression of the tumor-promoting transcriptional elongation

complex, p-TEFb: LARP7 binds to and stabilizes 7sk snRNA,
thus constituting the principal negative regulator of p-TEFb,
7sk snRNP.15 In order to verify the involvement of LARP7 in
the negative regulation of p-TEFb via 7sk snRNA stabiliza-
tion in the gastric epithelium, we analyzed the impact of
siRNA-mediated LARP7 knockdown on 7sk snRNA quantity
in an immortalized non-neoplastic gastric epithelial cell line,
HFE145. LARP7 protein level was reduced by 95% in anti-
LARP7 siRNA vs control siRNA transfectants (Figure 2a).
7sk mRNA levels were significantly reduced in anti-LARP7

Figure 2 LARP7 knockdown decreases the 7sk snRNA quantity in non-

neoplastic gastric epithelial cells. (a) LARP7 protein levels were assessed by

western blot in HFE145 cells. A marked decrease in LARP7 is evident in anti-

LARP7 siRNA transfectants relative to mock and control siRNA transfectants.

(b) 7sK snRNA levels were measured for mock-, anti-LARP7 siRNA-, and

control siRNA-transfected HFE145 cells. The 7sk snRNA data relative to the

average of the mock transfectant data are shown in this graph. A significant

reduction of 7sK level was observed in anti-LARP7 siRNA transfectants

relative to control siRNA- and mock-transfected cells (Po0.01 and Po0.01,

respectively).

Figure 3 LARP7 knockdown increases non-neoplastic gastric epithelial cell

proliferation in vitro. Cell proliferation levels were measured by WST-1

assay. There was a significant difference in cell proliferation between mock-,

non-specific control siRNA-, and anti-LARP siRNA-transfected cells (Po0.01,

one-way ANOVA test). Anti-LARP7 siRNA significantly increased growth

rates in HFE145 cells, compared to no specific control siRNA and mock

conditions (Po0.01 and Po0.01, respectively).
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siRNA transfectants (0.21±0.02) relative to control siRNA
transfectants (0.78±0.07, Po0.01; Figure 2b).

LARP7 Knockdown Increases Gastric Epithelial Cell
Proliferation In Vitro
We then evaluated effects of LARP7 knockdown on HFE145
cell proliferation by using WST-1 assays. Cells were
transfected with anti-LARP7 siRNA, control siRNA or mock
reagents on day –1, and the WST-1 assay was performed on
day 0, day 2 and day 5. On day 5, we observed a significant
increase in cell proliferation in anti-LARP7 siRNA transfec-
tants (0.91±0.05) relative to control siRNA transfectants
(0.70±0.03, Po0.001; Figure 3).

LARP7 Knockdown Promotes Gastric Epithelial Cell
Migration In Vitro
Increased cell motility is one of the properties shared by
cancer cells arising in multiple organs. Therefore, we also
investigated whether LARP7 knockdown influences gastric
epithelial cell motility. For this purpose, we conducted
transwell assays of HFE145 cells at 48 h after transfection with
anti-LARP7 siRNA, control siRNA, and mock reagent trans-
fection. As shown in Figure 4, anti-LARP7 siRNA transfec-
tants demonstrated significantly more migrating cells (1.36±
0.21,) than did control siRNA transfectants (1.06±0.09,
Po0.001). We also assessed the impact of LARP7 knockdown
on HFE 145 cell invasion. However, there was no significant
difference in invasion between anti-LARP7 siRNA trans-
fectants (0.089±0.01,) and control siRNA transfectants
(0.088±0.01, P¼ 0.78).

DISCUSSION
We previously discovered frequent truncating mutations of
the LARP7 gene in microsatellite—unstable (MSI-H) GCs.3

In order to further evaluate the potential tumor-suppressive
properties of this gene in GC, we measured LARP7 expres-
sion levels in gastric mucosae of normal and cancerous

tissues, as well as the cell biological effects of LARP7
knockdown in vitro. Our data, to our knowledge, are the first
to reveal that LARP7 mRNA expression is significantly
reduced in human cancer relative to normal tissues, supporting
our hypothesis that LARP7 is a tumor-suppressor gene. In
our immunohistochemical analyses, LARP7 protein staining
was overwhelmingly localized to gastric epithelial cells, rather
than to stromal cells (including inflammatory infiltrates).
Therefore, LARP7 downregulation in GCs relative to corre-
sponding noncancerous gastric mucosae observed in
snap-frozen tissues likely reflects LARP7 downregulation in
cancerous gastric epithelial cells. We observed nuclear and
cytoplasmic LARP7 protein expression in normal gastric
epithelial cells, consistent with LARP7s known function and
reported immunohistochemical staining pattern (Human
Protein Atlas).16 We also performed transient LARP7
knockdown in a non-neoplastic gastric epithelial cell line,
which resulted in a significant increase in cell proliferation
and migration. Taken together, these data suggest that LARP7
downregulation contributes to the genesis of human GC.

LARP7 constitutes the specific and principal binding part-
ner of 7sk snRNA, capturing 490% of 7sk snRNA.17 In this
study, we verified that loss of LARP7 results in significant and
substantial loss of 7sk snRNA, and by extrapolation, loss of
p-TEFb repression in gastric epithelial cells. LARP7 frameshift
mutation, the prevalent mutant in MSI-H GCs reported by
us,3 lacks the 21 C-terminal amino acids, whose loss abolishes
LARP7s 7sk binding capacity.17,18 Therefore, MSI-H GCs also
are likely to lose LARP7-mediated p-TEFb repression and,
consequently, to acquire a more malignant phenotype.

Notably, multiple agents that target p-TEFb are currently
being tested as anticancer drugs, with promising outcomes.
Examples include a phase I clinical trial of Seliciclib in
advanced solid tumors,19 a phase I clinical trial of Flavopiridol
in advanced solid tumors including GCs,20 and a phase II
clinical trial of Flavopiridol in leukemia.21 Thus, it appears that
LARP7 may also become a potential therapeutic target in GC.

We observed a trend toward LARP7 downregulation in
non-neoplastic gastric mucosae from GC patients vs normal
stomach from healthy individuals. However, this trend was
undetectable in an age-matched comparison, suggesting that
the observed LARP7 downregulation in non-cancerous gas-
tric mucosae from GC patients may be an aging-associated
event. Nevertheless, this aging-associated event may still
constitute a promoting factor at early stages of carcinogen-
esis, since aging increases GC incidence (SEER17; National
Cancer Institute, Surveillance, Epidemiology, and End
Results Program; http://seer.cancer.gov/faststats/).

This study has several limitations. Its relatively small
cohort size provides limited power, which may lead to type II
error, especially in analyses of associations between LARP7
expression and tumor stage or histological subtype. Data on
intestinal metaplasia or H. pylori status of GC patients were
unavailable in the majority of cases, thus we were unable to
correlate these critical phenotypes with LARP7 expression.

Figure 4 LARP7 knockdown promotes non-neoplastic gastric epithelial cell

migration in vitro. Cell migration levels were assessed for mock-, anti-LARP7

siRNA-, and control siRNA-transfected HFE145 cells at 48 h after transfection

using the transwell assay. There was a significant difference among these

three groups of cells (Po0.01, one-way ANOVA test). Cell migration increased

by 1.4-fold in anti-LARP7 siRNA transfectants relative to control transfectants

(Po0.01).
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Finally, cell biologic studies were carried out on a single cell
line, HFE145, since to our knowledge, no other human non-
neoplastic gastric epithelial cells were known to be reliable in
transfection experiments.

In summary, our molecular and cell biological analyses of
the LARP7 gene suggest that this gene possesses character-
istics typical of a gastrointestinal tumor-suppressor gene. The
precise molecular functions of LARP7 are not yet fully
understood, but its protein domain structure suggests potential
roles as an RNA-binding and -regulatory protein in the nu-
cleus. Further studies are warranted to explore the precise
antitumor mechanisms of this novel gene and its potential
application to the clinical care of patients.
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