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SUMMARY: Telomere shortening controls the entry of cells into senescence. Functional expression of the telomerase catalytic
subunit (human telomerase reverse transcriptase or hTERT) stabilizes telomere length and extends the life span of various normal
human cells. Our aim was to assess the role of telomerase activity and telomere maintenance in regulating the proliferation of
activated human hepatic stellate cells (HSCs), to establish an immortal human HSC cell line. Human HSCs were isolated from
surgical specimens of normal liver and infected with a retrovirus expressing hTERT. Ectopic expression of hTERT reconstituted
telomerase activity and maintained telomere length in human HSCs. Control human HSCs, which were either not infected or
infected with a retroviral vector containing only the neomycin resistance gene, showed no detectable telomerase activity and had
slightly shortened telomeres. These telomerase-negative HSCs entered a nondividing state after about 9 to 15 passages and
senesced. In contrast, telomerase-positive HSCs to date have undergone 69 passages. Telomerase-positive HSCs did not
undergo oncogenic transformation and exhibit morphologic and functional characteristics of activated HSCs. Microarray and
RT-PCR analysis showed that mRNA expression patterns in telomerase-positive HSCs are very similar to those in activated
human HSCs. Plating telomerase-positive HSCs on a basement membrane-like matrix reverts them toward a more quiescent
phenotype. In conclusion, introduction of hTERT into activated human HSCs immortalizes them and maintains their activated
phenotype. This newly developed cell line will be a useful tool to study the cell biology of human HSCs in culture. (Lab Invest 2002,
82:323–333).

L iver fibrosis is a common consequence of chronic
liver injury and is characterized by the progressive

accumulation of extracellular matrix (ECM) proteins,
particularly type I and III collagens (Friedman, 2000).
Hepatic stellate cells (HSCs) are the major source of
ECM in hepatic fibrosis (Maher et al, 1988; Maher and
McGuire, 1990). In normal liver, HSCs are located in
the subendothelial space and are the major storage
site of vitamin A (Blomhoff and Wake, 1991). After
hepatic injury, HSCs undergo an activation process,
characterized by loss of vitamin A (Mak et al, 1984),
transdifferentiation to a smooth muscle �-actin
(�SMA)-positive myofibroblast-like cell type (de
Leeuw et al, 1984; Ramadori et al, 1990), increased
proliferation (Geerts et al, 1991) and increased pro-
duction of ECM proteins, especially type I collagen
(Takahara et al, 1988). Culturing HSCs on plastic
converts them from a quiescent to an activated phe-
notype similar to in vivo activation.

Normal human cells in culture divide a limited num-
ber of times and then enter a nondividing state termed
replicative senescence. Telomeres undergo progres-
sive shortening with successive cell divisions in nor-
mal cells, and cellular senescence is thought to be
induced when telomeres shorten beyond a critical
length (Allsopp et al, 1992; Counter et al, 1992).
Human telomeres consist of a repetitive DNA se-
quence (TTAGGG)n at chromosome ends (Moyzis et
al, 1988). This telomeric DNA is synthesized and
maintained by telomerase, a ribonucleoprotein com-
plex (Greider and Blackburn, 1989; Morin, 1989). Nor-
mal human cells do not express telomerase activity
(Kim et al, 1994) and have short telomeres (de Lange
et al, 1990). Recent studies have shown that introduc-
tion and expression of human telomerase reverse
transcriptase (hTERT) maintains telomere length and
extends the life span of human fibroblasts (Bodnar et
al, 1998; Vaziri and Benchimol, 1998) and human
embryonic kidney cells (Counter et al, 1998). Mice
lacking telomerase RNA (mTR) demonstrate the im-
portance of telomerase activity for cell growth and
survival. In late generation mice, telomerase defi-
ciency leads to shortened telomeres and an impaired
long-term viability of embryonic stem cells and cells
from highly proliferative organs, such as testis, bone
marrow, and spleen (Lee et al, 1998; Niida et al, 1998).
Germ cells from telomerase-deficient mice have de-
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fective spermatogenesis, with reduced proliferation
and increased apoptosis (Lee et al, 1998).

The isolation of human HSCs is a time-consuming
process and is dependent on the availability of liver
specimens. Therefore, the aim of this study was to
investigate the role of telomerase activity and telomere
maintenance in the proliferation of human HSCs, to
establish an immortal human HSC cell line. We dem-
onstrate that activated human HSCs with no detect-
able telomerase activity and with shorter or undetect-
able telomeres senesce in culture, which is followed
by cell death. In contrast, ectopic expression of telom-
erase immortalizes activated HSCs in culture.
Telomerase-positive HSCs do not undergo oncogenic
transformation and show morphologic characteristics
of activated HSCs. In addition, microarray and RT-
PCR analysis demonstrated that mRNA expression
patterns in telomerase-positive HSCs and activated
human HSCs are very similar.

Results

Introduction of Human Telomerase Reverse Transcriptase
Restores Telomerase Activity and Maintains Telomere
Length in Human Hepatic Stellate Cells

HSCs, which were isolated from surgical specimens of
normal human liver, displayed retinoid droplets and
retained the characteristic vitamin A fluorescence
even after 7 days in culture, although the amount of
intracellular droplets varied among the cells at this
time point (Fig. 1).

On day 9 after isolation, VSV-G pseudotyped retro-
viral vectors encoding hTERT, or a control retroviral
vector expressing only the neomycin resistance gene,
were introduced in HSCs. Polyclonal HSC populations
and cloned cell line 14 were obtained by selection in
400 �g/ml G418. Semiquantitative RT-PCR demon-
strated that hTERT mRNA was expressed at high
levels in hTERT-infected HSCs (Fig. 2A). Early pas-
sage vector control–infected HSCs showed only min-
imal hTERT mRNA expression. Hela cells and primary
human dermal fibroblasts (HDF) served as positive
and negative controls, respectively. To determine
whether ectopic expression of hTERT produced te-
lomerase activity, a telomeric repeat amplification
protocol (TRAP) assay was performed. Telomerase
activity was detected in polyclonal HSCs and in clone

14 (telomerase-positive), which were retrovirally in-
fected with the hTERT gene, and comparable to
telomerase-positive A549 lung carcinoma cells (Fig.
2B). Early passage control-infected HSCs and HDF,
which served as negative control, showed no telom-
erase activity (telomerase-negative). To demonstrate
that telomerase activity maintained telomere length,

Figure 1.
Primary human hepatic stellate cells (HSCs) show the characteristic vitamin A
fluorescence. Human HSCs were isolated and cultured for 7 days on uncoated
plastic dishes. Cells are spread out and contain lipid droplets in the perinuclear
zone under phase microscopy (left panel; original magnification, �200).
Fluorescence microscopy demonstrates the fluorescence of vitamin A (right
panel; original magnification, �200).

Figure 2.
Introduction of human telomerase reverse transcriptase (hTERT) in human
HSCs leads to telomerase activity and permits maintenance of telomere length.
Human HSCs were infected with a retrovirus encoding hTERT or a retroviral
vector expressing only the neomycin resistance gene after 9 days in culture.
Cells were selected in G418. A, The expression of hTERT was analyzed by
semiquantitative RT-PCR using 1 �g of total RNA. cDNA was analyzed from
vector control–infected HSCs (vector) and from hTERT-infected HSCs (poly-
clonal and single-cell clone 14). Telomerase-positive Hela cells and
telomerase-negative primary human dermal fibroblasts (HDF) served as
positive and negative control, respectively. Ubiquitin (below) was amplified to
confirm equal amount of mRNA was present in each sample. B, Telomerase
activity was measured in HSCs infected with a control vector (vector) or a
vector expressing hTERT (polyclonal HSCs and HSCs from clone 14) by the
telomeric repeat amplification protocol (TRAP) assay. For each sample 105

cells were lysed and analyzed for telomerase activity. Telomerase-positive
A549 lung carcinoma cells were included as positive control, primary HDF as
negative control. C, Left panel: Total genomic DNA (2 �g) was digested,
resolved by agarose gel electrophoresis, and visualized with ethidium bromide
staining. Right panel: The telomere restriction fragment length was detected by
Southern blot analysis with a 32P-labeled telomeric probe. HSCs infected with
hTERT (polyclonal and clone 14) were compared with senescent HSCs. As a
positive and negative control, telomerase-positive Hela cells and primary HDF,
respectively, were used. The sizes (Kb) of molecular mass marker are
indicated. Shown is a representative experiment. The telomere restriction
fragment length is indicated; data represent the mean � standard deviation
(SD) of two experiments.
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the telomere restriction fragment length was mea-
sured by Southern blot analysis using a telomere-
specific probe. Telomerase-positive polyclonal HSCs
and clone 14 maintained a telomere restriction frag-
ment length of 9.0 � 0.3 Kb and 9.6 � 0 Kb,
respectively, comparable to Hela cells as positive
control (Fig. 2C). In telomerase-negative, late passage
(senescent) HSCs, telomere restriction fragment
length decreased to 8.7 � 0.5 Kb (Fig. 2C). This
telomere shortening in telomerase-negative HSCs was
accompanied by a decrease in the hybridization signal
intensity. Comparable loading of the gel was demon-
strated by ethidium bromide staining (Fig. 2C). Taken
together, these results indicate that ectopic expres-
sion of hTERT reconstitutes telomerase activity and
maintains telomere length in human HSCs.

Telomerase-Negative Hepatic Stellate Cells Senesce and
Die, Telomerase-Positive Hepatic Stellate Cells Have an
Extended Life Span

Uninfected and vector control–infected (telomerase-
negative) HSCs senesced and entered a nondividing
state after about 9 to 15 passages in culture. Similar
findings were obtained from several other isolations of
human HSCs, either uninfected or vector-control in-
fected. Senescence of these cells was characterized
by a flattened cell morphology, enlarged cell size, and
an increased ratio of cytoplasm to nucleus (Fig. 3A).
This nonproliferative state was followed by cell death.
In contrast, telomerase-positive HSCs exceeded the
life span of telomerase-negative HSCs, have under-
gone 69 passages to date, and continue to proliferate.
Telomerase-positive HSCs exhibit the cell morphology
of activated primary HSCs (Fig. 3A). Telomerase-
positive HSC clone 14 showed a population doubling
time of about 4 days in culture medium containing
10% FCS (Fig. 3B). After a period of serum starvation,
stimulation of telomerase-positive HSC clone 14 with
10% FCS for 24 hours resulted in a 2.6-fold increase
of [3H]thymidine incorporation as compared with un-
stimulated HSCs (Fig. 3C). Thus, ectopic expression
of functional hTERT in HSCs extends the life span and
immortalizes human HSCs.

Telomerase-Positive Hepatic Stellate Cells Do Not Show
Signs of Oncogenic Transformation

Although expression of telomerase in human fibro-
blasts is sufficient for immortalization, it does not
result in changes associated with malignant transfor-
mation (Morales et al, 1999). Similarly in this study,
telomerase-positive HSCs show a proliferation rate
similar to that of primary (presenescent) HSCs, are
contact inhibited at high cell density, and do not form
foci of proliferating, multi-layered cells (data not
shown). Serum growth factors for proliferation are
required (Fig. 3C). The acquisition of anchorage-
independent growth potential represents one of the
best in vitro correlates to in vivo tumorigenic growth
potential (Cox and Der, 1994). Therefore, we investi-
gated whether ectopic telomerase expression induces
anchorage-independent growth in HSCs. No colony

formation and no growth of telomerase-positive poly-
clonal HSCs (Fig. 4A) and HSCs from clone 14 (Fig.
4B) was observed after 6 weeks in soft agar. As a
positive control, H-ras transformed NIH 3T3 cells did
form colonies (Fig. 4C). As a negative control, NIH 3T3
cells transfected with the empty vector pZIP-
NeoSV(x)1 did not form colonies (Fig. 4D). Taken
together, these findings offer no evidence for the
oncogenic transformation of telomerase-positive
HSCs, which might have accounted for their extended
life span.

Gene Expression Patterns of Telomerase-Positive Hepatic
Stellate Cells Are Very Similar to those of Activated
Human Hepatic Stellate Cells

Since an immortalized human HSC cell line represents
a useful tool to investigate HSC biology, we charac-
terized this newly developed cell line. Differences in
gene expression patterns between telomerase-
positive HSCs (passage 55) and activated human
HSCs (passage 3) were assessed using microarray
analysis. This array allows a quantitative measurement
of over 9000 genes and expressed sequence tags.

Figure 3.
Telomerase-negative HSCs senesce, whereas functional expression of telom-
erase extends the replicative life span of HSCs. A, Phase microscopy
demonstrates the flattened cell morphology of senescent HSCs infected with a
control vector (left panel; original magnification, �100) and the phenotype of
telomerase-positive HSCs from clone 14 (right panel; original magnification,
�100). B, To investigate the growth curve of telomerase-positive HSCs (clone
14), HSCs were plated in 35-mm dishes. Cell counts were performed in
duplicate from day 1 to day 7 in culture using a hemacytometer. Data represent
the mean � SD. C, For [3H]thymidine incorporation assay, telomerase-positive
HSCs (clone 14) were serum starved for 24 hours in serum-free medium and
afterward stimulated with 10% FCS for another 24 hours in medium containing
1 �Ci/ml [3H]thymidine. HSCs maintained in 0% FCS served as a control.
Experiments were performed in triplicate. Data represent the mean � SD.
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Genes that differed in intensity by at least 2-fold were
considered to be differentially regulated. Scatter plot
analysis shows that the vast majority of genes (97.2%)
was expressed at comparable levels (Fig. 5A). One
hundred fifty-two genes (1.8%) were detected at
higher expression levels in activated human HSCs,
whereas 87 genes (1%) were detected at higher
expression levels in telomerase-positive HSCs. A se-
lection of genes with more than 2-fold difference in
activated human HSCs and in hTERT HSCs is shown
in Table 1. The complete list of all genes is available at
our web site (http://www.med.unc.edu/wrkunits/2depts/
medicine/gi/brenlab/schnablarray1/). The microarray
analysis was confirmed by RT-PCR of selective mRNAs.
RT-PCR demonstrated that both telomerase-positive
and activated HSCs express mRNA for IL-6, IL-8, IL-10,
platelet-derived growth factor receptor alpha and beta,
and glial fibrillary acidic protein (GFAP) (data not shown).

To further characterize telomerase-positive HSCs,
the levels of collagen �1(I) mRNA and �SMA protein, a
phenotypic marker of activation for human HSCs
(Schmitt-Graff et al, 1991), were investigated.
Telomerase-positive polyclonal HSCs and clone 14
express collagen �1(I) mRNA to a similar extent as
(early passage) uninfected and vector control–infected
HSCs (Fig. 5B), consistent with microarray analysis
showing a 1.6-fold higher expression in telomerase-
positive HSCs as compared with activated HSCs.
Western blot analysis showed similar expression of
�SMA protein in telomerase-positive HSCs, unin-
fected, and vector control–infected HSCs (Fig. 5C).

Telomerase-Positive Hepatic Stellate Cells Change Their
Morphology and Collagen Type I mRNA Expression Upon
Culture on a Basement Membrane-Like Matrix

Freshly isolated rat or human HSCs maintain a quies-
cent phenotype when cultured in matrigel (Friedman et

al, 1989, 1992), which is a solubilized basement mem-
brane preparation from the Engelbreth-Holm-Swarm
tumor. To evaluate whether telomerase-positive HSCs
displaying an activated phenotype would revert to a
more quiescent state by changing the culture substra-
tum, telomerase-positive HSC clone 14 was plated in
matrigel. HSCs lost their star-like shape, rounded up,
and formed clusters, which were connected with fila-
mentous bridges (Fig. 6A). After 15 days in matrigel,
HSCs down-regulated their collagen �1(I) mRNA ex-
pression by 48% as compared with HSCs grown
under the same culture conditions on plastic, as
assessed by RNase protection assay (Fig. 6B). HSCs
cultured with DMEM or hormonally defined medium
(HDM) on plastic showed similar levels of collagen
�1(I) mRNA (Fig. 6B). Thus, culturing telomerase-
positive HSCs on a basement membrane gel induces
reversion to a more quiescent appearance.

Telomerase-Positive Hepatic Stellate Cells Take Up
Exogenous Retinol

HSCs store vitamin A in the quiescent state, which is
lost upon activation (Mak et al, 1984). To assess

Figure 4.
Telomerase-positive HSCs lack anchorage-independent growth in soft agar.
Telomerase-positive polyclonal HSCs (A) and HSCs from clone 14 (B) were
plated in soft agar at a density of 105 cells per 60-mm dish. As positive control
Ras-transformed (pZIP-H-ras(61L)) NIH 3T3 cells were used (shown is a small
colony) (C). As a negative control, NIH 3T3 cells transfected with the empty
vector pZIP-NeoSV(x)1 were used (D). Cells were captured at original
magnification �100 after 6 weeks.

Figure 5.
Gene expression patterns in activated human HSCs and telomerase-positive
HSCs. A, Microarray analysis of gene expression in activated human HSCs and
telomerase-positive HSCs was performed. The values of all genes in activated
human HSCs (x axis) and telomerase-positive HSCs (y axis) were compared
using scatter plot analysis. The upper and lower diagonals represent 2-fold
higher gene expression in telomerase-positive and activated human HSCs,
respectively. B, Uninfected and vector control–infected HSCs, telomerase-
positive polyclonal HSCs, and HSCs from clone 14 were cultured on plastic.
Total RNA (5 �g) was subjected to RNase protection assay with riboprobes
specific for human collagen �1(I) and human GAPDH mRNA. Migration of the
protected bands is indicated. C, Western blot analysis was performed using
whole cell extracts obtained from uninfected HSCs, vector control–infected
HSCs, telomerase-positive polyclonal HSCs, and HSCs from clone 14. Proteins
(10 �g) were separated in a 12% SDS-PAGE, transferred to a nitrocellulose
membrane, and immunoblotted for �SMA using monoclonal anti-smooth
muscle �-actin antibody.
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whether cultured telomerase-positive HSCs uptake
retinol and store it as vitamin A in their cytoplasm,
HSCs from clone 14 were incubated with 1.5 �M

retinol for 14 days. HSCs took up retinol and regained
the characteristic autofluorescence of vitamin A stor-
ing quiescent HSCs (Fig. 7). HSCs treated with vehicle
(ethanol) alone under the same conditions showed
minimal autofluorescence (Fig. 7).

Discussion

This study demonstrates a role for telomerase activity
and telomere length in regulating the proliferation of
activated human HSCs in culture. The introduction of
hTERT in human activated HSCs leads to expression
of hTERT mRNA, reconstitutes telomerase activity,
and maintains telomere length. Comparison of hTERT-

positive and hTERT-negative HSCs showed that sta-
bilization of telomeres promotes cell survival and
results in the immortalization of telomerase-positive
human HSCs. We also demonstrate that ectopic ex-
pression of telomerase in HSCs is not associated with
oncogenic transformation. The immortalized HSCs
retain the morphologic characteristics of activated
HSCs and show a gene expression pattern very similar
to activated human HSCs.

Ectopic expression of hTERT reconstitutes telomer-
ase activity, maintains telomere length, and extends
the replicative life span of primary human retinal
pigment epithelial cells and fibroblasts (Bodnar et al,
1998; Morales et al, 1999; Vaziri and Benchimol, 1998)
and primary human endothelial cells (Yang et al, 1999).

Table 1. Comparison of Gene Expression in Activated
Human HSCs and Telomerase-Positive HSCs using
Microarray Analysis

21.1 keratin 18
13 IL-1 receptor, type I
8.8 mitochondrial superoxide dismutase 2
6.4 proteoglycan 1
5 fibroblast growth factor 7
4.8 cyclooxygenase 2
4.6 hepatocyte growth factor
4.4 gp130
4.2 IL-6
3.2 laminin beta 1
3.1 low density lipoprotein receptor
3.1 ICAM-1
3 IGFBP 5
2.5 IL-13
2.4 integrin alpha 1
2.4 PDGF receptor alpha
2.2 p21

�2.4 alpha-2-macroglobulin
�2.4 collagen, type IV, alpha 1
�2.6 integrin alpha 3
�2.8 connective tissue growth factor
�2.9 integrin alpha 7
�2.9 tubulin alpha 1
�3.7 plasminogen activator inhibitor type 1 (PAI 1)
�3.8 caveolin 2
�3.8 �B crystallin
�4.7 aggrecan 1
�4.8 versican
�6.4 latent transforming growth factor beta binding

protein 1
�6.8 fibronectin 1
�7.1 IGFBP 1
�7.7 IGFBP 3
�7.8 caveolin 1

HSCs, hepatic stellate cells; hTERT, human telomerase reverse transcrip-
tase; ICAM, intercellular adhesion molecule; IGFBP, insulin-like growth factor
binding protein; PDGF, platelet-derived growth factor.

A selection of genes with more than 2-fold difference in activated human
HSCs and hTERT HSCs is shown. Genes that were present at higher levels in
activated human HSCs have positive values, genes with higher expression
levels in hTERT HSCs have negative values.

Figure 6.
Culturing telomerase-positive HSCs on a basement membrane-like matrix
reverts them to a quiescent phenotype and down-regulates their collagen �1(I)
mRNA. Telomerase-positive HSCs from clone 14 were plated in matrigel, a
basement membrane-like matrix, at a density of 4 to 6�105 per 60-mm dish.
A, Phase microscopy demonstrates cluster formation without visible spreading
of telomerase-positive HSCs in matrigel (original magnification, �100). B,
HSCs were maintained in matrigel in hormonally defined medium (HDM)
containing 2% FCS for 15 days. As controls telomerase-positive HSCs from
clone 14 were cultured on plastic for 15 days after plating, either in HDM
containing 2% FCS or in regular growth medium containing 10% FCS. RNase
protection assay with collagen �1(I) and GAPDH gene-specific riboprobes and
RNA (3.5 �g) extracted from HSCs was performed. Migration of the protected
bands is indicated. Expression of collagen �1(I) mRNA was normalized to
GAPDH mRNA, and the ratios are indicated. The results are expressed relative
to HSCs cultured on plastic in HDM containing 2% FCS.

Role of Telomere Length in Human HSCs
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The cell-cycle checkpoints, such as pRB, p53, and
p21CIP1/WAF1, in these telomerase-expressing cells are
similar to those of untransfected cells (Morales et al,
1999; Yang et al, 1999). For some cell types, such as
primary human keratinocytes or mammary epithelial
cells, introduction of hTERT is not sufficient to extend
their life span, and other factors are necessary for
immortalization (Hahn et al, 1999; Kiyono et al, 1998).
However, as shown in our report, functional expres-
sion of hTERT in human HSCs with maintenance of
telomere length is sufficient to extend their prolifera-
tive life span. Telomerase-positive HSCs continued to
proliferate at a time when their counterparts, which
were either not infected or infected with a control
retroviral vector expressing only the drug resistance
gene, senesced and died. To date, the telomerase-
positive cells have been cultured for more than 2 years
and have undergone 69 passages. Telomerase-
positive HSCs did not show signs of a transformed
phenotype, which might have enabled HSCs to over-
come senescence and crisis, accounting for their
extended life span. Therefore, we have not detected
any additional extrinsic factors that are required to
achieve immortalization in human HSCs.

We observed that HSCs infected with a control
retroviral vector show detectable hTERT mRNA ex-
pression as assessed by RT-PCR, even though no
telomerase activity was detectable. In general, expres-
sion of hTERT mRNA seems to be the limiting factor
for telomerase activity in cells (Meyerson et al, 1997;
Nakamura et al, 1997). However, in human lympho-
cytes, telomerase activity is not strictly correlated with
the levels of hTERT transcripts, indicating that regula-
tion of telomerase is cell type specific and that a
posttranscriptional mechanism also plays a role in the
control of telomerase function (Liu et al, 1999).

Telomere length in senescent human HSCs de-
creased slightly as compared with presenescent or
telomerase-positive HSCs. In addition, the total hy-
bridization signal decreased markedly in senescent
human HSCs, which indicates that TTAGGG repeats
are lost during the life span of human HSCs. Previous
studies have shown a comparable decrease in telo-
mere length and in the amount of telomeric DNA with

cell age in vitro in different strains of primary human
fibroblasts (Allsopp et al, 1992; Harley et al, 1990).
Variability in telomere length has been described in
different cell types (de Lange et al, 1990), and a
heterogeneity of telomere length is associated with
senescence in various human cells (4 to 7 kb) (Counter
et al, 1992, 1998). Thus, it seems that human HSCs
are very sensitive in telomere shortening.

Beside this newly established telomerase-positive
human HSC cell line, two other human HSC cell lines
have been published; the LI90 cell line was derived
from a human hepatic mesenchymal tumor (Murakami
et al, 1995) and the GREF-X cell line was developed
through spontaneous immortalization (Weill et al,
1997). However, the limitation of these two cell lines is
that the cells are derived from connective tissue, and
HSCs were obtained by outgrowth, rather than by
purification on a density gradient. Neither cell line was
compared with primary activated human HSCs. Thus,
it remains unclear whether these human HSC cell lines
actually have functional characteristics of activated
HSCs.

In our study, microarray analysis revealed that gene
expression patterns in telomerase-positive HSCs and
activated HSCs are 97.2% similar. Despite a 2.8%
difference in gene expression, we have not detected
any phenotypical differences between hTERT HSCs
and activated HSCs, including morphology and ECM
production. One explanation for this lack of complete
concordance is that gene expression patterns in acti-
vated HSCs might continually change upon passag-
ing, and different mRNA expression patterns might
even exist in HSCs with different passage numbers.
One also has to consider that hTERT HSCs have
ectopic hTERT mRNA expression and reconstituted
telomerase activity. By maintaining telomere length in
HSCs, gene regulation that is normally induced by
shortened telomeres might be altered. For example,
ectopic telomerase expression might eliminate DNA
damage–induced signaling of the transcription factor
p53 or ATM (ataxia telangiectasia mutated) kinase
(Karlseder et al, 1999). Supportive of this idea is the
fact that in early passage HSCs, a downstream effec-
tor of p53-induced cell arrest, p21CIP1/WAF1, is slightly
up-regulated in activated HSCs as compared with
hTERT HSCs. Since heterogeneity in the telomere size
is prominent in all somatic cells (de Lange et al, 1990),
telomere shortening in a subpopulation of HSCs might
already be sufficient to change mRNA levels of the
entire population. Similar to our results, another study
using DNA microarray analysis found that gene ex-
pression patterns in early passage BJ fibroblasts are
substantially similar but not identical with the gene
expression patterns of their hTERT immortalized
counterparts (Funk et al, 2000). Genes differentially
expressed and up-regulated in telomerase immortal-
ized fibroblasts included insulin-like growth factor
binding protein-5, stromelysin-1, and stromelysin-2
(Funk et al, 2000). Thus, hTERT expression maintains
very similar, but not identical, functional characteris-
tics in HSCs, making this newly developed cell line a
useful tool to study HSCs in culture. In addition, our

Figure 7.
Telomerase-positive HSCs take up retinol. Telomerase-positive HSCs from
clone 14 were cultured in regular growth medium containing 1.5 �M retinol.
The fluorescence of vitamin A in the cytoplasm of HSCs was captured by
fluorescence microscopy at a wavelength of 330 nm after an incubation time
of 14 days. As control, HSCs were incubated with an equivalent amount of
vehicle (ethanol); (left panels: phase microscopy; right panels: fluorescence
microscopy; original magnification, �200).
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microarray analysis on activated human HSCs should
make research about gene expression in activated
HSCs easier.

Although there are several cell types related to fibro-
blasts and myofibroblasts in the liver, HSCs are consid-
ered to be the principal source of ECM in hepatic fibrosis
(Maher et al, 1988; Maher and McGuire, 1990). In an
attempt to discriminate our telomerase-positive human
HSC cell line from other mesenchymal cells and to
demonstrate that telomerase-positive HSCs derive from
activated HSCs, we analyzed the functional and
phenotypic appearance of telomerase-positive HSCs.
Telomerase-positive HSCs contained collagen �1(I)
mRNA to a similar extent as activated HSCs and se-
creted the protein into the medium (data not shown).
Morphologically, telomerase-positive HSCs exhibit fea-
tures of activated HSCs and express phenotypic mark-
ers for culture activated HSCs, such as �SMA protein,
which is an activation marker for human HSCs (Schmitt-
Graff et al, 1991), and mRNA for GFAP. The mRNA of
GFAP, an intermediate filament and a neural marker of
differentiation, is expressed by HSCs and is considered
as a specific marker of HSCs (Neubauer et al, 1996). A
recent in vitro study proposed that two different myofi-
broblastic cell populations isolated from rats, HSCs and
liver myofibroblasts, are involved in liver tissue repair and
fibrogenesis (Knittel et al, 1999). Rat HSCs were charac-
terized by the expression of GFAP, vascular cell adhe-
sion molecule-1, and �2-macroglobulin, whereas rat
liver myofibroblasts were characterized by the mRNA
expression for IL-6 and fibulin 2 (Knittel et al, 1999).
Microarray analysis showed that telomerase-positive
HSCs and activated HSCs have similar mRNA expres-
sion levels for GFAP, vascular cell adhesion molecule-1,
fibulin 2, and vimentin. Telomerase-positive HSCs have
higher mRNA expression for �2-macroglobulin than ac-
tivated HSCs, whereas activated HSCs express higher
mRNA levels of IL-6 than telomerase-positive HSCs.
Thus, activated human HSCs and telomerase-positive
HSCs show the neuroendocrine markers of HSCs but
also some markers attributed to liver myofibroblasts.
However, differences in the expression pattern of cy-
toskeletal filaments and cytokines between human and
rat HSCs have been demonstrated (Nouchi et al, 1991;
Schmitt-Graff et al, 1991).

Evidence that telomerase-positive HSCs maintain
the phenotype of activated HSCs includes the fact
that telomerase-positive human HSCs revert to a more
quiescent phenotype and down-regulate their colla-
gen type I expression after culturing them in a base-
ment membrane-like matrix. This feature makes the
cell line a valuable tool for investigating the transition
from a quiescent to an activated phenotype. Similar to
previous reports in rat and human HSCs (Murakami et
al, 1995; Vogel et al, 2000), telomerase-positive HSCs
uptake retinol and regain the characteristic fluores-
cence of vitamin A.

Taken together, these findings suggest that the
cellular origin of telomerase-positive HSCs are acti-
vated HSCs and that introduction and expression of
hTERT in human HSCs maintain their phenotypic and
functional characteristics. In conclusion, our study

demonstrates that activated human HSCs senesce
and die in culture. Telomerase-positive human HSCs
have an extended life span but show no sign of
transformation, thereby making this new HSC cell line
a useful and easy tool to study the cell biology of
human HSCs.

Materials and Methods

Isolation and Culture of Primary Human Hepatic
Stellate Cells

Surgical specimens of normal human liver were di-
gested by a two-step collagenase perfusion of the
liver as described previously (Sahi et al, 2000). Briefly,
the encapsulated liver tissue was perfused with
calcium-free buffer followed by perfusion with buffer
containing 1.5 mM calcium and collagenase (0.3 to 0.4
mg/ml). Hepatocytes were pelleted by low-speed cen-
trifugation at 50 �g at room temperature, and the
supernatant was digested with 0.035% pronase
(Boehringer Mannheim, Indianapolis, Indiana) for 15
minutes at 37° C. The cell suspension was layered on
top of an arabinogalactan (Sigma, St. Louis, Missouri)
two-layer discontinuous density gradient (densities of
1.035 and 1.058). The gradient was centrifuged, and
HSCs were recovered from the interface of the super-
natant and 1.035 gradient layer and were washed as
described previously (Rippe et al, 1995). The purity
after 4 days in culture was approximately 98% as
estimated by autofluorescence. Cells were seeded on
uncoated plastic tissue culture dishes and cultured in
DMEM (GIBCO/BRL, Gaithersburg, Maryland) supple-
mented with 10% FCS in 95% air/5% CO2 humidified
atmosphere at 37° C. All human tissues were obtained
through qualified medical staff, with donor consent
and the approval of the University of North Carolina
Ethics Committee.

Retroviral Vectors and Infection of Human Hepatic
Stellate Cells

Human HSCs were trypsinized 8 days after isolation
and seeded in 60-mm culture dishes at a density of
3.5�105 cells/dish. The cells were infected the next
day with a VSV-G pseudotyped vector encoding
hTERT (Geron, Menlo Park, California) driven by the
CMV promoter or an amphotropic retrovirus contain-
ing the neomycin resistance gene alone as vector
control (Johnson et al, 1998). Six days after infection,
HSCs were selected in 400 �g/ml G418 (GIBCO/BRL)
for 21 days, after which the concentration of G418 was
reduced to 200 �g/ml. G418-resistant cells were
grown to confluence and split between 1:2 and 1:5
using trypsin. Selection for individual cell clones was
performed 21 days after infection. A single clone (no.
14) and a polyclonal HSC population were used for all
experiments. HSCs from several different isolations,
which were either left uninfected or were infected with
the vector alone, served as controls. A second HSC
cell line from a different human HSC isolation was
established using the same transfection protocol.

Role of Telomere Length in Human HSCs

Laboratory Investigation • March 2002 • Volume 82 • Number 3 329



However, this cell line is not described in the present
study.

Telomerase Activity Assay

Telomerase activity was measured using a polymer-
ase chain reaction-based TRAP (Wright et al, 1995)
using a kit from Roche (Indianapolis, Indiana) accord-
ing to the manufacturer’s protocol. Briefly, after
trypsinization, 105 cells were lysed in 200 �l of lysis
reagent. Cells were centrifuged, and 175 �l of the
supernatant was analyzed. After extension of the
substrate by telomerase and amplification of the prod-
ucts by PCR, the products were run on a 12%
polyacrylamide gel and visualized using Sybr Green
(Molecular Probes, Eugene, Oregon) and a phosphor-
imager (Molecular Dynamics, Sunnyvale, California).

Determination of Telomere Restriction Fragment Length

The length of the telomere restriction fragment was
determined by Southern blot analysis as described
(Kojima et al, 1997). Briefly, genomic DNA was iso-
lated using the DNeasy kit (Qiagen, Valencia, Califor-
nia) and 2 �g of the isolated genomic DNA digested
with HinfI and RsaI, and fractionated in a 0.8% aga-
rose gel. After transfer onto Magna Graph nylon trans-
fer membrane (Osmonics, Minnetonka, Minnesota),
the filter was hybridized with an oligonucleotide
(CCCTAA)3, which was end-labeled with [�-32P]ATP.
The filter was analyzed by autoradiography and by
phosphorimager analysis (Molecular Dynamics). The
maximal signal in each band was determined, and the
length of the telomere restriction fragment calculated
by comparison to that of a molecular size marker.

Cell Proliferation Assays

To assess the proliferation rate, HSCs were seeded
and cultured in standard growth medium supple-
mented with 10% FCS. HSCs were trypsinized and
counted with a hemacytometer in duplicate. To deter-
mine whether the growth of telomerase-positive HSCs
is serum dependent, [3H]thymidine incorporation as-
says were performed. HSCs were plated at a density
of 1.25�104/well in 24-well plates in Waymouth’s
MB752/1 Medium (GIBCO/BRL) containing 10% FCS.
The next day HSCs were starved in serum-free me-
dium. After 24 hours, the cells were incubated in
medium in the presence or absence of 10% FCS with
1 �Ci/ml [3H]thymidine. After 24 hours of incubation,
the cells were washed three times with cold PBS, and
then 10% trichloric acetic acid was added. After
incubation on ice for 1 hour, the solution was removed
and the cells were washed once with 10% trichloric
acetic acid. The samples were solubilized in 0.2 N
NaOH, and radioactivity was measured using a scin-
tillation counter. Experiments were performed in
triplicate.

Soft Agar Assay

A soft agar assay was performed as described previ-
ously (Cox and Der, 1994). Briefly, 0.6% agar (in

growth medium) was poured in 60-mm dishes and
allowed to solidify. Cells were trypsinized and counted
(using trypan blue staining), and then 105 cells were
suspended in 0.4% agar (in growth medium) to form
the top layer in a 60-mm dish. After solidification of the
top layer, the plates were incubated in a humidified
10% CO2 incubator at 37° C. Cells were fed weekly by
the addition of regular growth medium. Ras-
transformed (pZIP-H-ras(61L)) NIH 3T3 cells were
used as a positive control. NIH 3T3 cells, transfected
with the empty vector pZIP-NeoSV(x)1, were used as
a negative control. Cells were kept in soft agar for 6
weeks.

Preparation of RNA and cDNA Microarrays

Total RNA was isolated from subconfluent culture-
activated human HSCs (passage 3) and from
telomerase-positive HSCs (passage 55), grown in reg-
ular growth medium, using Tri Reagent (Molecular
Research Center Inc., Cincinnati, Ohio) according to
the manufacturer’s protocol. Poly(A) mRNA was iso-
lated from total RNA using oligo(dT) (Oligotex; Qiagen)
according to the manufacturer’s protocol.

All microarray procedures were performed by Incyte
Genomics (St. Louis, Missouri). Equal quantities of
mRNA from each cell type were used to prepare
probes, hybridized to gene chips, and analyzed for the
quantity of mRNA encoded by over 9000 human
genes (Human UniGene 1). The preparation of Cy3
and Cy5 probes from mRNA samples and the hybrid-
ization studies were conducted by Incyte Genomics.

RNA Isolation and RNase Protection Assay

RNA was isolated from subconfluent HSCs using an
RNA extraction kit (Qiagen) according to the manufac-
turer’s protocol. Riboprobes were derived from the
plasmid pTRI-GAPDH-human (Ambion, Austin, Tex-
as), and from the 142-nt XbaI-KpnI fragment of human
�1(I) collagen (ATCC 61322), cloned into KpnI-XbaI
sites of vector Bluescript SK, and linearized with SacI
(Stefanovic et al, 2000). RNase protection assays were
performed as described previously (Lang et al, 2000).
Total RNA was hybridized with 105 cpm of each
riboprobe. The RNase protected riboprobes were sep-
arated in 6% sequencing gels, the gels were dried,
and the bands were visualized by autoradiography
and quantitated by phosphorimager analysis (Molec-
ular Dynamics).

Western Blot Analysis

Western blot analysis was performed as described
previously (Schnabl et al, 2001). The primary antibody
of mouse anti-�SMA (DAKO, Carpinteria, California)
was diluted 1:1000.

Reverse Transcriptase-Polymerase Chain
Reaction Assays

RT-PCR was performed exactly as described previ-
ously (Schnabl et al, 2001) using specific primers for
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hTERT (Nakamura et al, 1997). Primer sequences for
ubiquitin, used as a control, were 5'-GGAAGACCAT-
CACCCTCGAGG-3' and 5'-CCAGCACCACATTCA-
TC-3'. Expected lengths of the amplified products for
hTERT and ubiquitin were 145 and 357 basepairs,
respectively. PCR reactions contained 1 �l of cDNA
for hTERT or 0.25 �l of cDNA for ubiquitin, 1�
Opti-Prime buffer no. 5 (Stratagene, La Jolla, Califor-
nia) for hTERT or 1� PCR-buffer II (Perkin Elmer,
Branchburg, New Jersey) for ubiquitin, 1 �M of each
primer, 0.25 mM of each dNTP (Pharmacia, Piscat-
away, New Jersey), and 2.5 U Taq-polymerase (Perkin
Elmer) in a total volume of 50 �l. PCR reactions were
cycled as follows: initial denaturation at 99° C for 4
minutes; 94° C for 45 seconds, 60° C for 45 seconds,
72° C for 90 seconds for 30 cycles. A final extension at
72° C for 10 minutes was performed. The cycle num-
ber for each amplicon was determined to be in the
linear range of amplification. Negative controls without
cDNA were performed with each PCR reaction. PCR
products were analyzed by 2% agarose gel electro-
phoresis with ethidium bromide staining.

Matrigel Experiments

Tissue culture dishes were coated with liquid matrigel
(diluted 1:3 in PBS, 2 ml/60-mm dish; Becton Dickin-
son, Bedford, Massachusetts) and allowed to gel at
37° C for 30 minutes. Telomerase-positive HSCs were
plated at 4 to 6�105 per 60-mm dish on top of the
matrigel. Cells were allowed to attach for 6 hours, and
then the medium was aspirated and the cells were
covered with 2 ml of matrigel. HSCs were maintained
in HDM containing 5 �g/ml insulin, 5 �g/ml transferrin,
0.1 �M selenium, 50 ng/ml epidermal growth factor, 10
�g/ml high-density lipoproteins, 7.6 nM/ml free fatty
acids, 10�2 nM hydrocortisone, 10�3 nM T3 (3,5,3'-
Triiodothyronine), 10 ng/ml prolactin, 10�4 nM zinc, 0.1
nM copper, 10 ng/ml human growth hormone (soma-
totropin), and 2% FCS in RPMI basal medium (GIBCO/
BRL). Fresh culture media was added every other day.
After 15 days of culture in matrigel, HSCs were re-
leased from the matrix with Matri Sperse (Becton
Dickinson) according to the manufacturer’s protocol,
and RNA was prepared as described above.

Retinol Administration

Telomerase-positive HSCs from clone 14 were incu-
bated with retinol as described (Murakami et al, 1995).
All-trans-retinol (Sigma) was dissolved in 200 �l of
ethanol, diluted to 3 ml with PBS, and filter sterilized
through a 0.22-�m filter. The concentration of retinol
was determined by spectrophotometry at 325 nm. The
solution was diluted with standard growth medium to
a final retinol concentration of 1.5 �M, and HSCs were
maintained in the dark for 14 days. As a control HSCs
were treated in the same manner with an equivalent
amount of vehicle (ethanol).
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