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Abstract
Long non-coding RNA H19 is aberrantly expressed in multiple malignancies and its expression levels correlate with recurrence,

metastasis, and patient survival. Despite numerous reports documenting the role of H19 in carcinogenesis, its contribution to

cervical cancer development is still largely unknown. In this study, I observed that H19 expression was elevated in cervical cancer

cell lines and could be detected in extracellular vesicles in the culture medium. In addition, I demonstrated, by overexpression and

knockdown experiments, that H19 promoted cell proliferation and multicellular tumor spheroid formation without significantly

affecting apoptosis and cell migration. Finally, treatment with transforming growth factor beta and hypoxia-mimetic CoCl2 could

modulate H19 levels in a cell line-specific manner. These findings indicate that H19 promotes both anchorage-specific and -

independent growth of cervical cancer cell lines and may serve as a potential target for cancer diagnosis and therapy.
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Introduction

Cervical cancer is the second most frequently diagnosed
cancer and the third leading cause of cancer death in
women worldwide.1 The availability of human papilloma-
virus (HPV) vaccines has lowered the incidence of cervical
cancer; yet, vaccines can only prevent infection by certain
HPV types and have no therapeutic effect against existing
HPV infections or disease.2,3 Therefore, early detection of
treatable precancerous lesions is indispensable to reduce
cancer incidence and increase life expectancy in patients.4

The existing Papanicolaou (Pap) test, albeit useful in redu-
cing cancer incidence, can be inconclusive and exhibit a
relatively high percentage of false-negatives.5 The more sen-
sitive HPV-based test is often associated with a false-posi-
tive result, since the majority of HPV-positive women do not
develop cervical cancer.6 A more precise cervical cancer test
would be an invaluable tool in national screening programs.

Long non-coding RNAs (lncRNAs) are a new class of
non-coding RNAs with more than 200 nucleotides in
length and an estimated 15,000 lncRNAs in humans.7

Accumulating evidence indicates that lncRNAs are
involved in a diverse range of biological functions, such as
imprinting,8 epigenetic regulation,9 apoptosis and cell cycle
control,10 transcriptional and translational regulation,11

RNA splicing,12 regulation of microRNA abundance,13

development and differentiation,14 aging,15 and disease

pathogenesis.16 Dozens of lncRNAs have been shown to
be aberrantly expressed in cancer and their expression
levels are associated with recurrence, prognosis, metastasis,
and predicting the response to therapy.16–19 Various
lncRNAs have been reported to act as both oncogenes and
tumor suppressors, playing an active role in modulating
cancer progression.19,20

The imprinted, developmentally regulated lncRNA H19
is absent in most normal adult tissues; however, its re-
expression has been detected in various cancers.21–23 Since
the discovery of H19 in 1984,24 its function has remained
enigmatic. Many studies using cell culture systems and
mouse models have shown that H19 can function either as
an oncogene25–27 or a tumor suppressor.28,29 Recently, H19
RNA transcripts have been detected in a majority of patient-
derived premalignant lesions of cervical cancer.21 Whether
H19 is actively involved in the development of cervical
cancer and how it works remains to be determined.

In this study, I investigated whether increased H19
expression in both cancer cells and extracellular vesicles
(EVs) was a characteristic molecular change in cervical
cancer and elucidated the effect of altered H19 level on
the phenotypes of cervical cancer cell lines. In addition, I
examined the effect of epithelial–mesenchymal transition
(EMT) inducers, transforming growth factor beta (TGF-b),
and hypoxia, on the expression of H19 transcript. This study
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serves as a stepping-stone to unravel how lncRNA H19
regulates cervical carcinogenesis, which may help improve
cervical cancer diagnosis and treatment.

Materials and methods
Reagents

Recombinant human TGF-b1 (#240-B-002) was purchased
from R&D Systems, Minneapolis, MN, USA. Cobalt chlor-
ide hexahydrate (#C8661), puromycin (#P8833), and doxy-
cycline hydrochloride (#D3447) were purchased from
Sigma-Aldrich, St. Louis, MO, USA.

Plasmids and small interfering RNAs (siRNAs)

H19 expression vector, pCMV-Sport6-H19 (clone ID:
4993796); siRNAs targeting human H19 (SMARTpool:
Lincode H19 siRNA); non-targeting siRNAs (Lincode
Non-targeting Pool); and TRIPZ inducible lentiviral vectors
expressing non-targeting small hairpin RNA (NT shRNA;
#RHS4743), H19 shRNA1 (#RHS4696-200705182), or H19
shRNA2 (#RHS4696-200695573) were purchased from
Dharmacon, Lafayette, CO, USA. pcDNA3.1 (gift from
Janet Mertz) served as empty vector control. Plasmids
encoding psPAX2 (#12260, Addgene; gift from Janet
Mertz) and vesicular stomatitis virus G (VSVG) (gift from
Bill Sugden) were used to produce lentiviruses. Plasmid
DNA was purified using the GeneJET Plasmid Midiprep
kit (Thermo Fisher Scientific, Waltham, MA, USA).

Cell culture

Human primary fibroblasts (ATCC� CRL-2708TM) were
obtained from the Nano-cosmeceuticals laboratory; HPV-
positive cervical carcinoma HeLa (ATCC� CCL2TM) and
SiHa (ATCC� HTB-35TM) cells were obtained from the
Nano Delivery System laboratory; HPV-positive cervical
carcinoma MS751 (ATCC� HTB-34TM), HPV-negative cer-
vical carcinoma C33A (ATCC� HTB-31TM), and HPV-16
E6/E7 transformed ectocervical cell line Ect1/E6E730

(ATCC� CRL-2614TM) were purchased from the American
Type Culture Collection, Manassas, VA, USA. Primary
fibroblasts, HeLa, SiHa, MS751, and C33A cell lines were
grown in Dulbecco’s Modified Eagle Medium (DMEM;
HyClone, Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS; HyClone, Thermo Fisher
Scientific) and 100 units/mL penicillin plus 100mg/mL
streptomycin, or 50 mg/mL PrimocinTM (InvivoGen, San
Diego, CA, USA). Ect1/E6E7 cells were grown in
Keratinocyte serum-free medium (Gibco, Thermo Fisher
Scientific) with 0.1 ng/mL human recombinant epidermal
growth factor, 0.05 mg/mL bovine pituitary extract,
44.1 mg/L calcium chloride, and 50 mg/mL PrimocinTM.
All cells were maintained at 37�C in a 5% CO2 incubator.

Transient transfections

For plasmid transfections, cells in six-well plates were
transfected with 400 ng expression plasmids using
Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific)
or TurboFect (Thermo Fisher Scientific). For siRNA

transfections, cells in six-well plates were transfected with
100 nM siRNA using DharmaFECT1 (Dharmacon). After
incubation for 44–48 h, cells were ready for downstream
characterization.

Infection of cell lines with lentivirus

Stable knockdown cell lines were generated as previously
described, with some modifications.31 Tet-On-inducible
TRIPZ lentiviral vectors expressing NT shRNA or
shRNAs targeting H19 (H19 shRNA1 and H19 shRNA2)
were used to produce lentiviruses. In brief, 293 T cells
from 10 cm dishes were co-transfected with 4 mg lentiviral
vector(s), 1.4mg psPAX2, and 0.6mg VSVG. Medium
containing the viruses was harvested 72 h later, filtered
through a 0.45 mm pore-size filter, and added to HeLa
cells. After 72 h, infected cells were selected and shRNA
expression was induced by incubation with medium con-
taining 1 mg/mL puromycin and 1 mg/mL doxycycline for
7–10 days before harvesting.

RNA isolation from cells and EVs

Total RNA was extracted from cell lines using the RNeasy or
miRNeasy mini kits (QIAGEN, Hilden, Germany) follow-
ing the manufacturer’s protocols. For RNA isolation from
EVs, cell lines were grown for two days in complete
medium containing exosome-depleted FBS (prepared by
ultracentrifugation at 120,000� g for 2 h). The medium
was harvested, spun down at 5251� g for 20 min, and fil-
tered through a 0.2 mm pore-size filter to remove cell debris.
EVs were then collected by centrifugation at 200,000� g for
2 h in a Type 100 Ti rotor using an Optima L-100 XP ultra-
centrifuge (Beckman-Coulter, Brea, CA, USA). After aspir-
ating the supernatant, total RNA was extracted from the
pellet using the miRNeasy mini kit (QIAGEN). RNA sam-
ples were quantified using a NanoDrop spectrophotometer
(Thermo Fisher Scientific) and stored at �80�C until use.

Quantitative reverse transcription PCR (RT-qPCR)

Quantification of gene expression was performed by
RT-qPCR using a Luminaris Color HiGreen qPCR Master
Mix (Thermo Fisher Scientific) or SsoAdvanced universal
SYBR green supermix (Bio-Rad, Hercules, CA, USA) and a
CFX96 Touch real-time PCR detection system (Bio-Rad).
Briefly, 1.5–2.0 mg total RNA was incubated with RNase-
free DNaseI and converted to cDNA with the Maxima
cDNA synthesis kit (Thermo Fisher Scientific). The synthe-
sized cDNA (10–20 ng/reaction) was used as template for
qPCR. Amplification and detection were performed as
described by the manufacturer, followed by melting curve
analysis starting at 65�C with increments of 0.5�C per cycle
(N¼ 60 cycles). Primers and annealing temperatures (Ta)
were as follows: H19 (62.5�C): FWD (50-ACTC
AGGAATCGGCTCTGGAAG-30), and REV (50-GCTG
CTGTTCCGATGGTGTC-30); BAX (62.9�C): FWD (5’-CAG
GATGCGTCCACCAAGAAG-3’), and REV (5’-AAAA
CATGTCAGCTGCCACTCG-3’); BCL2 (62.9�C): FWD (5’-
CGACTTCGCCGAGATGTCC-3’), and REV (5’-CACAC
ATGACCCCACCGAAC-3’); and BCL2L1 (62.9�C):
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FWD (5’-CACTGTGCGTGGAAAGCGT-3’), and REV
(5’-CTCTAGGTGGTCATTCAGGTAAGTG-3’). Primers of
the following target genes (Ta¼ 60�C) were purchased
from Bio-Rad (assay ID): VIM (qHsaCED0042034), CDH1
(qHsaCED0042076), MYC (qHsaCID0012921), SNAI1
(qHsaCED0057267), SNAI2 (qHsaCID0011342), ZEB1
(qHsaCED0045418), ZEB2 (qHsaCED0038149), HIF1A
(qHsaCED0042813), and VEGFA (qHsaCED0043454).
Expression was normalized internally to that of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) (62.5�C): FWD
(50-GGGAAACTGTGGCGTGATGG-30), and REV (5’-TGG
AGGAGTGGGTGTCGCTG-3’) or U6 (62.5�C): FWD (50-
CTCGCTTCGGCAGCACATATAC-30), and REV (50-GGA
ACGCTTCACGAATTTGC-30) using the ��Ct method.
Assays were performed in triplicate and data were ana-
lyzed by the Bio-Rad CFX manager software.

Cell growth and proliferation assay using real-time cell
analysis (RTCA)

Cell growth and proliferation kinetics were determined
using RTCA (ACEA Biosciences, San Diego, CA, USA) as
previously described, with some modifications.32 Briefly,
100 mL DMEM with 10% FBS and 50mg/mL PrimocinTM

was added to each well of a gold microelectrode array inte-
grated 16-well plate (E-Plate 16). The plate was connected to
the system to measure background impedance. Cells were
seeded at 10,000 cells/well and incubated at room tempera-
ture for 30 min. The E-Plate 16 was placed on the
xCELLigence RTCA DP instrument (ACEA Biosciences)
located in an incubator at 37�C with 5% CO2. The imped-
ance of each well was recorded every 30 min for 2–4 days
and expressed as a cell index. The cell index value increased
gradually as cells attached to the gold electrodes. The rate of
cell proliferation was derived from the slope of the line
between two given time points during log phase. All
assays were performed in triplicate and data were analyzed
by the RTCA data analysis software (version 1.0).

Multicellular tumor spheroid assay

Cell lines (3000–4000 cells/well) were seeded in 200mL
complete medium in ultra-low attachment 96-well plates
(Corning, Thermo Fisher Scientific). Cells were grown for
seven days with 50% medium changes every three days.
Phase contrast and fluorescent images of tumor spheroids
were recorded using an Olympus Is71 inverted fluorescence
microscope (Olympus, Tokyo, Japan). The number of viable
cells within spheroids was determined by measuring the
amount of intracellular ATP using the CellTiter-Glo� 2.0
assay (Promega, Madison, WI, USA) according to the
manufacture’s protocol. Assays were performed in
triplicate.

Caspase-3/7 assay

Cells (8000–10,000 cells/well) were seeded in a 96-well
black clear-bottom plate (Corning, Thermo Fisher
Scientific) and incubated for 48 h. Caspase-3/7 activity
was determined using the Caspase-Glo� 3/7 Assay
(Promega) and a SpectraMax� L microplate luminometer

(Molecular Devices, Sunnyvale, CA, USA) according to
the manufacturer’s protocol. All assays were performed
in triplicate.

Annexin V staining

Cells (8000–10,000 cells/well) were seeded in a 96-well black
clear-bottom plate (Corning, Thermo Fisher Scientific) and
incubated for 48 h. Phospholipid flipping during apoptosis
was detected using the TACS Annexin V-FITC kit (R&D
Systems) according to the manufacturer’s protocol.
Fluorescent images were recorded using an Olympus Is71
inverted fluorescence microscope (Olympus).

Real-time cell migration assay by RTCA

Analysis of cell migration in real time was performed using
the RTCA system and CIM-16 plates (ACEA Biosciences) as
previously described, with some modifications.33 Briefly,
CIM-16 plates comprise an upper and a lower chamber
separated by a microporous membrane (8 mm pores) with
microelectrodes at the underside for impedance-based
detection of migrated cells. Initially, 175 mL complete
medium and 50mL serum-free medium were added to the
lower and upper chambers of the CIM-16 plate, respect-
ively. The plate was placed in the xCELLigence RTCA DP
instrument at 37�C and 5% CO2 for 1 h for equilibration and
a background signal was recorded. Next, 50,000 cells in
100mL serum-free medium were seeded in each well of
the upper chamber. The electrical impedance, displayed
as cell index, increased proportionally as cells migrated
through the pore to the electrodes on the lower side of the
membrane. Assays were performed in quadruplicate and
the cell index was recorded every 15 min for 80 h.

Statistical analysis

Statistical analysis was performed using GraphPad InStat
version 3 software (GraphPad Software, La Jolla, CA, USA).
Unpaired Student’s t-test and one-way ANOVA with
Tukey’s HSD test were used for comparing two or more
groups, respectively. A P value< 0.05 was considered stat-
istically significant.

Results
LncRNA H19 is overexpressed in cervical cancer cell
lines and secreted into EVs

Numerous reports have shown that H19 RNA is essential
for tumor growth and its expression is increased in a major-
ity of human cancers.27 To test the role of H19 RNA in cer-
vical carcinogenesis, I first used RT-qPCR to determine the
relative levels of H19 in multiple cervical cancer cell lines,
including an immortalized ectocervical epithelial cell line
(Ect1/E6E7) and primary fibroblasts. As shown in
Figure 1(a), H19 RNA was upregulated in all cell lines rela-
tive to the primary fibroblasts (3–6-fold in Ect1/E6E7, SiHa,
and C33A; 24-fold in MS751; and 69-fold in HeLa), confirm-
ing a potential role for H19 in cervical cancer progression.

I also examined whether H19 RNA was secreted by cer-
vical cancer cells into EVs. Thus, all cell lines were grown
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in complete medium with exosome-depleted FBS to minim-
ize contamination with bovine exosomes. EVs were isolated
from cell culture medium by ultracentrifugation and total
EV RNA was purified. RT-qPCR indicated that H19 RNA
was only detectable in EVs secreted by MS751 and SiHa cell
lines (Figure 1(b)), suggesting a selective enrichment of
lncRNA in EVs. Therefore, I conclude that H19 is signifi-
cantly more expressed in cervical cancer cell lines and can
be secreted in a cell line-specific manner.

H19 promotes proliferation of cervical cancer
cells in vitro

To assess the biological function of H19 in cervical cancer, I
investigated whether H19 affected proliferation of cervical
cancer cell lines. As HeLa cells express H19 at high level
(Figure 1(a)), I first examined whether H19 knockdown
affected cell proliferation. To do so, HeLa cells were trans-
fected with siRNA targeting H19 or non-targeting siRNA
control. I achieved H19 knockdown of 43% as determined
by RT-qPCR (Figure 2(a)). Cell proliferation kinetics was
then determined in real-time using the RTCA system.
Figure 2(b) and (d) showed that downregulation of H19
significantly delayed growth of HeLa cells.

On the other hand, I also tested whether the overexpres-
sion of H19 could give the opposite phenotype. As C33A
cells express H19 at relatively low level, comparable to the
level in a noncancerous ectocervical epithelial cell line
(Ect1/E6E7) (Figure 1(a)), C33A cells were used to deter-
mine effects of H19 gain of function. The reason for choos-
ing cells with low H19 for overexpression was to minimize
possible artifact generated by overexpression.34 RT-qPCR
confirmed a 644% overexpression of H19 in the transfected
cells (Figure 2(a)). As expected, ectopic expression of H19
enhanced the proliferation rate of C33A cells (Figure 2(c)
and (d)). It should be noted, however, that forced overex-
pression of H19 did not affect the proliferation rates of HeLa
cells, probably because they already expressed a high level

of endogenous H19 (data not shown). Hence, I conclude
that H19 promotes the proliferation of cervical cancer cells.

H19 enhances tumor spheroid forming ability of
cervical cancer cells

Next, I explored whether H19 affected the ability of cervical
cancer cells to form tumor spheroids and took advantage of
high H19 expression levels in HeLa cells (Figure 1(a)).
To establish stable H19-knockdown cell lines, HeLa cells
were infected with lentiviruses expressing two individual
shRNAs (H19 shRNA1 or H19 shRNA2) or NT shRNA.
Transduced cells were selected by growth in medium con-
taining 1mg/mL puromycin and expression of shRNA was
induced by adding 1mg/mL doxycycline. Given that a tet-
racycline-inducible promoter on the TRIPZ lentiviral vector
drove the expression of turboRFP along with a target
shRNA, turboRFP levels served as a marker for shRNA
expression. As shown in Figure 3(a), HeLa cells infected
with lentivirus bearing all three shRNAs strongly expressed
turboRFP, confirming the successful generation of stable
cell lines and shRNA expression. In addition, RT-qPCR
indicated 60 and 70% knockdown of H19 in stable cell
lines expressing H19 shRNA1 and H19 shRNA2, respect-
ively (Figure 3(b)).

To generate tumor spheroids, HeLa stable cell lines were
seeded in 96-well ultra-low attachment plates and cultured
for seven days. Figure 3(c) showed that all HeLa stable cell
lines could form tumor spheroids and sustain shRNA
expression, as evidenced by TurboRFP signal. I compared
the number of viable cells within spheroids and observed
that H19 knockdown decreased tumor spheroid formation
in HeLa cells (Figure 3(d)). Additionally, effects of H19 gain
of function on tumor spheroid formation were investigated
in C33A and SiHa cells which expressed low levels of
endogenous H19 (Figure 1(a)). As expected, H19 RNA over-
expression increased tumor spheroid growth in both cell
lines (Figure 3(e)). Thus, I conclude that H19 promotes
tumor spheroid formation of cervical cancer cells in vitro.

Figure 1 Expression levels of lncRNA H19 in cervical cancer cell lines and secreted extracellular vesicles (EVs). Relative (Rel.) H19 transcript levels from: (a) human

primary fibroblasts, immortalized ectocervical cell line (Ect1/E6E7), and four cervical cancer cell lines; and (b) EVs isolated from the culture medium of the same cell

lines. RT-qPCR values were normalized internally to U6 levels in each cell line and externally to H19 expression in primary fibroblasts. Bars indicate means� 1 SEM;

assays were performed in triplicate. Results are representative of data obtained on two separate occasions
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H19 does not affect apoptosis in cervical cancer cells

Given that H19 has been reported to regulate apoptosis in
cancer cells,35 I tested whether changes in H19 expression
affected apoptosis by measuring the combined activity of
the major effector caspases, caspase-3 and -7. Neither
siRNA-mediated knockdown of H19 nor ectopic expression
of H19 for two days yielded any change in caspase-3/7
activity in HeLa cells (Figure 4(a)). The same result was
obtained with spheroids of HeLa cells infected with lenti-
viruses expressing H19 shRNA1, H19 shRNA 2, or NT
shRNA (Figure 4(b)). In addition, the Annexin V staining
assay was performed to determine phosphatidylserine (PS)
externalization during apoptosis. As shown in Figure 4(c),
shRNA-mediated knockdown of H19 did not affected
the proportion of Annexin V-staining positive cells in
HeLa cells.

I also examined whether H19 affected the expression
of three apoptotic regulators, BAX, BCL2, and BCL2L1, pre-
viously reported to be controlled by H19.35,36 As shown in
Figure 4(d), neither H19 knockdown in HeLa cells nor
H19 overexpression in C33A cells altered mRNA levels of
the aforementioned genes. Therefore, I conclude that
H19 does not significantly affect apoptosis in cervical
cancer cell lines.

H19 does not significantly affect migration ability of
cervical cancer cell lines

Numerous reports have documented a crucial role for
lncRNA H19 in tumor metastasis through regulation of
EMT.37 To assess whether H19 altered migration of cervical
cancer cells, I used the RTCA system to measure the migra-
tory activity of HeLa knockdown stable cell lines. I
observed no significant change in migration rate
(Figure 5(a)), even when H19 expression was significantly
decreased (Figure 3(b)).

Moreover, I profiled the expression of nine key genes
involved in EMT and metastasis using RT-qPCR. As
shown in Figure 5(b), H19 silencing decreased SNAI1
expression without significantly affecting mRNA levels of
CDH1, MYC, SNAI2, ZEB1, ZEB2, HIF1A, and VEGFA.
These findings indicate that H19 does not significantly
alter the motility of cervical cancer cells, even though it
positively regulates the expression of SNAI1.

TGF-b1 and hypoxia regulate H19 expression in
cervical cancer cells

Several reports have demonstrated that EMT modulators
such as TGF-b and hypoxia can induce H19 expression
in various carcinoma models.37,38 To test this possibility

Figure 2 H19 induces cell proliferation of cervical cancer cell lines. (a) RT-qPCR results showing relative expression of H19 in HeLa cells transfected with siRNAs

targeting H19 or non-targeting (NT) siRNAs and in C33A cells transfected with a plasmid expressing H19 (pCMV-SPORT6-H19) or empty vector pcDNA3.1. Data were

normalized internally to GAPDH and externally to the control. Bars indicate means�1 SEM; assays were performed in triplicate. (b and c) Real-time cell index values

showing the proliferation rates of (b) HeLa cells transfected with H19 or NT siRNAs and (c) C33A cells transfected with a plasmid expressing H19 or pcDNA3.1. (d)

Proliferation rates obtained by analyzing the slope during log phase between time points 10 and 34 h for (b) and 50–74 h for (c). Data are shown as mean� 1 SD; assays

were performed in triplicate. ***, P<0.001. (A color version of this figure is available in the online journal.)
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in cervical cancer, I determined the effect of TGF-b1 on the
expression of H19 in various cervical cancer cell lines. As
expected from the tumor suppressive role of TGF-b during
early tumorigenesis,39 incubating the non-cancerous Ect1/
E6E7 cell line with TGF-b1 led to apoptotic cell death
(Figure 6(a)). In contrast, TGF-b1 treatment induced spindle
cell-like morphology in HeLa cells, but not in SiHa and
MS751 cells (Figure 6(a)). These findings were confirmed
by RT-qPCR, which revealed that incubation with TGF-b1
for 48 h greatly elevated H19 expression in HeLa cells while
significantly downregulating it in Ect1/E6E7, SiHa, and
MS751 cells (Figure 6(b)). Treatment with 100mM CoCl2, a
known hypoxia inducer,40 stimulated H19 expression in
MS751 but not in HeLa and SiHa cell lines (Figure 6(c)). I
did not observe any morphological change when these cells
were treated with CoCl2 (data not shown). Therefore, I con-
clude that TGF-b1 and hypoxia regulate H19 expression in a
cell line-specific manner.

Discussion

Here, I demonstrate that lncRNA H19 is upregulated in
cervical cancer cell lines, especially HeLa and MS751
(Figure 1(a)) and can be found in EVs outside the cells

(Figure 1(b)). Interestingly, the intracellular level of H19
did not necessarily correlate with that in secreted EVs, sug-
gesting selective packaging of H19 during vesicle forma-
tion. Given that EVs have been detected in many different
body fluids, circulating H19 could serve as a biomarker for
non-invasive cervical cancer screening, akin to the use of
plasma H19 in gastric cancer diagnosis.41

A growing number of reports have explored the effect of
H19 loss- and gain-of-function in various malignan-
cies.27,42–44 However, data on the role of H19 in cervical
cancer remain limited. Here, knockdown and overexpres-
sion of H19 confirmed a role for H19 in promoting cervical
cancer cell proliferation (Figure 2). I further investigated the
effect of H19 using the multicellular tumor spheroid model.
Spheroids exhibit a gradient of proliferating cells in the
outer cell layers and quiescent cells in the core, where
they usually die from oxygen and glucose deprivation.
This heterogeneity recapitulates more accurately the
micro-regions of tumors than monolayer cell cultures.45,46

In agreement with 2D cultures, I demonstrated that H19
moderately induced tumor spheroid growth in cervical
cancer cell lines (Figure 3).

Although H19 has been shown to inhibit apoptotic cell
death,35,36 changes in H19 levels failed to affect the activities

Figure 3 H19 affects the formation of multicellular tumor spheroids from cervical cancer cells. (a) HeLa stable cell lines, containing lentivirus expressing non-targeting

shRNA (NT shRNA) or shRNA targeting H19 (H19 shRNA1 or H19 shRNA2), were incubated for seven days in the presence of 1mg/mL puromycin and 1mg/mL

doxycycline. TurboRFP served as a marker for shRNA expression. Paired phase contrast (Ph2) and fluorescence (FL) images obtained with a 10�objective are shown.

Scale bars¼ 200mm. (b) RT-qPCR results showing relative levels of H19 following shRNA knockdown in HeLa stable cell lines. Values were normalized internally to

GAPDH and externally to expression of H19 in the NT shRNA control. Bars indicate means�1 SEM; assays were performed in triplicate. ***, P<0.001. (c) Multicellular

tumor spheroids of HeLa stable cells expressing NT shRNA, H19 shRNA1, or H19 shRNA2 grown in ultra-low attachment plates for seven days in the presence of 1mg/mL

puromycin and 1mg/mL doxycycline. TurboRFP indicated shRNA expression as shown in paired Ph2 and FL images obtained with a 4�objective. Scale bars¼ 500mm.

Cell viability within (d) tumor spheroids of HeLa stable cell lines with H19 knockdown or control, and (e) tumor spheroids of C33A or SiHa cells overexpressing H19 or empty

vector control, as determined by the CellTiter-Glo 2.0 assay. Values were normalized to the cell number of the control cell line. Bars indicate means�1 SD; assays were

performed in triplicate. **, P<0.01. (A color version of this figure is available in the online journal.)
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of effector caspases-3 and -7 (Figure 4(a) and (b)). At pre-
sent, I cannot exclude the possibility that H19 regulates
apoptosis in cervical cancer cells via a caspase-independent
mechanism. However, Annexin V-FITC staining did not
reveal any difference in the early stages of apoptosis in
HeLa cells knocked down with H19 shRNA1 or H19
shRNA2 compared with the NT shRNA control (Figure
4(c)). Nor did I observe any change in mRNA expression
of the pro-apoptotic gene BAX and antiapoptotic genes
BCL2 and BCL2L1 upon H19 knockdown or overexpression
(Figure 4(d)). Hence, my findings suggest that inhibition of
apoptosis is not the primary mechanism by which H19 pro-
motes cervical cancer development.

Accumulating evidence indicates that H19 and miR-675,
which is processed from it, play key roles in metastasis, by
regulating EMT and mesenchymal–epithelial transitions
(MET).37,47 Using the state-of-the-art RTCA system, I failed
to observe any real-time change in cell motility, even when
H19 expression was downregulated by 60–70% and the
mRNA level of the EMT transcription factor Snail (SNAI1)
was significantly decreased (Figure 5). However, I cannot
exclude the possibility that the observed phenotype is cell
line specific. To this end, H19 appears to have a smaller effect

on cervical cancer cells than on other types of cancer.42,48,49

Further studies will determine whether H19 plays a predom-
inant role during early cervical cancer events or it only mar-
ginally regulates cervical carcinogenesis.

Several EMT modulators, including TGF-b, hepatocyte
growth factor, hypoxia, and Wnt/b-catenin signaling path-
way, have been shown to induce H19/miR-675 expression,
indicating that H19/miR-675 upregulation is a common
downstream event of EMT inducers.37,50 Here, I report
that TGF-b1 treatment strongly upregulated H19 expression
in HeLa cells while CoCl2, a hypoxia-mimetic agent,
increased H19 expression in MS751 cells (Figure 6(b) and
(c)). Interestingly, downregulation of H19 expression upon
TGF-b1 treatment was evident in both SiHa and MS751 cell
lines (Figure 6(b)), suggesting that H19 might function pri-
marily as a MET inducer in these cell lines. The fact that H19
silencing induced expression of vimentin, a known marker
of EMT, also supports the dual role of H19 in promoting
either EMT or MET processes (Figure 5(b)).37 The molecular
event that dictates the role of H19 as EMT/MET inducer
will require further exploration.

In summary, lncRNA H19 is upregulated in cervical
cancer cell lines and can be secreted into EVs. Its expression

Figure 4 Effect of lncRNA H19 on caspase-3/7 activation, PS externalization, and expression of selected genes involved in apoptosis. (a) Caspase-3/7 activities of

HeLa cells transfected with H19 siRNAs or non-targeting (NT) siRNAs (left panel), or transfected with H19 expression plasmid or pcDNA3.1 control (right panel).

(b) Caspase-3/7 activities of tumor spheroids grown from HeLa stable cells expressing NT shRNA, H19 shRNA1, or H19 shRNA2 cultured in ultra-low attachment plates

for seven days in the presence of 1 mg/mL puromycin and 1 mg/mL doxycycline. (a and b) Data were normalized to caspase-3/7 activity of the control cell line in each set

of experiments and shown as mean�1 SD; assays were performed in triplicate. (c) Annexin V staining of HeLa stable cells expressing NT shRNA, H19 shRNA1, or

H19 shRNA2. Panels on the left show cells in bright field (BF) images, middle panels show TurboRFP (tRFP) as a marker for shRNA expression, and right panels show

Annexin V labeled with fluorescein isothiocyanate (green fluorescence). Images were obtained with a 4�objective. Scale bars¼200 mm. (d) Effect of H19 on expression

of apoptosis-related genes BAX, BCL2, and BCL2L1 as measured by RT-qPCR. HeLa cells were transfected with H19 siRNAs or NT siRNAs while C33A cells were

transfected with H19 expression plasmid or the pcDNA3.1 control. RNA levels were normalized to GAPDH. Bars represent mean� 1 SEM; assays were performed in

triplicate. (A color version of this figure is available in the online journal.)
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can be modulated by both TGF-b1 and hypoxia in a cell line-

specific manner. H19 functions in cervical cancer cells pri-

marily by promoting cell proliferation and anchorage-inde-

pendent multicellular spheroid growth, without

significantly affecting apoptosis and cell migration.

Further studies are required to analyze molecular mechan-

isms of H19 in cervical tumorigenesis in vivo as well as

determining the possibility of using cellular or circulating

H19 RNA as a cervical cancer biomarker from clinical

samples.
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Figure 6 Changes in H19 expression in response to TGF-b1 and hypoxia. (a) Phase contrast micrographs of the indicated cell lines in the absence or presence of

10 ng/mL TGF-b1 obtained using a 10�objective. Scale bars¼ 200mm. (b and c) RT-qPCR results showing relative expression of H19 following incubation with

(b) 10 ng/mL TGF-b1 and (c) 100mM CoCl2 for two days. Data were normalized internally to GAPDH and externally to H19 expression in non-treated cells. Bars indicate

means�1 SEM; assays were performed in triplicate. ***, P<0.001. (A color version of this figure is available in the online journal.)

Figure 5 Effect of H19 on cervical cancer cell migration and expression of selected genes involved in epithelial–mesenchymal transition (EMT) and metastasis. (a)

Real-time cell migration of HeLa stable cells expressing NT shRNA, H19 shRNA1, or H19 shRNA2 over 80 h. Bars represent mean�1 SD; assays were performed in

quadruplicate. (b) Effect of H19 on mRNA levels of key genes involved in EMT and metastasis. HeLa stable cells expressing NT shRNA or H19 shRNA2 were analyzed

for relative levels of VIM, CDH1, MYC, SNAI1, SNAI2, ZEB1, ZEB2, HIF1A, and VEGFA transcripts by RT-qPCR. RNA levels were normalized internally to GAPDH and

externally to expression of the target gene in the NT shRNA cell line. Bars represent mean�1 SEM; assays were performed in triplicate. *, P< 0.05, ***, P<0.001.

(A color version of this figure is available in the online journal.)
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