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Abstract
Cell lines provide a tool for investigating basic biological processes that underlie the complex
interactions among the tissues and organs of an intact organism. We compare the evolution of
insect and mammalian populations as they progress from diploid cell strains to continuous cell
lines, and review the history of the well-characterized Aedes albopictus mosquito cell line, C7-10.
Like Kc and S3 cells from Drosophila melanogaster, C7-10 cells are sensitive to the insect steroid
hormone, 20-hydroxyecdysone (20E), and express 20E-inducible proteins as well as the EcR and
USP components of the ecdysteroid receptor. The decrease in growth associated with 20E
treatment results in an accumulation of cells in the G1 phase of the cycle, and a concomitant
decrease in levels of cyclin A. In contrast, 20E induces a G2 arrest in a well-studied imaginal disc
cell line from the moth, Plodia interpunctella. We hypothesize that 20E-mediated events
associated with molting and metamorphosis include effects on regulatory proteins that modulate
the mitotic cell cycle and that differences between the 20E response in diverse insect cell lines
reflect an interplay between classical receptor-mediated effects on gene expression and non-
classical effects on signaling pathways similar to those recently described for the vertebrate steroid
hormone, estrogen.

1. Introduction
Insect cells in culture provide opportunities that could not have been envisioned when
Goldschmidt (1915) first attempted to observe silkworm spermatogenesis in vitro.
Therapeutic applications of mammalian stem cells, whether derived from embryos, adult
tissues, somatic cells genetically reprogrammed to express specific transcription factors, or
chemically-induced pluripotent stem cells, have stimulated new interest in the regulation of
cell growth and differentiation (Lin et al., 2009). Advances in stem cell research have
particular relevance to totipotent cells found in insects, such as regenerative cells in insect
midgut (Loeb et al., 2001; Micchelli and Perrimon, 2006), which have already been used to
elucidate new, chemically-defined factors that affect insect cell growth and differentiation
(Goto et al., 2005). Although the most recent technologies for physical manipulation of
cultured cells, such as tissue engineering in three dimensions, induced cell differentiation at
air-liquid interfaces, and growth of cells in hydrated gels remain to be extended to insect
systems, efforts towards implementation of microcarriers for production of viruses (Liu and
Wu, 2004) and bioreactors to facilitate production of recombinant proteins (Saarinen and
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Murhammer, 2000) underscore the importance of understanding how chemically-defined
molecules, such as insect hormones, influence growth and differentiation in vitro.

Considerable progress has been made during the five decades since TDC Grace established
the first insect cell lines from ovaries of the diapausing silkmoth, Antheraea eucalypti
(Grace, 1962). Grace cultured A. eucalypti cells in a medium based on the composition of
insect hemolymph (Wyatt, 1956), with the addition of water-soluble vitamins and
supplemental hemolymph. Shortly thereafter, Mitsuhashi and Maramorosch (1964)
developed a rich medium made from salts, glucose, lactalbumin hydrolysate, yeastolate and
serum, which supported growth of leafhopper cells in the absence of supplemental
hemolymph, and paved the way for establishment of lines from other small insects.
Although many insect cell lines are now maintained in commercially-available media that
are better defined chemically, insect cells typically require serum or hydrolysates for optimal
growth. Requirements for growth factors, mitogens, hormones and other cell-derived
regulatory molecules that would support routine use of chemically-defined media remain to
be systematically evaluated, even with the best characterized cell lines from Drosophila
melanogaster (Galesi et al., 2007).

Historically, in vitro manipulation of insect tissues progressed in parallel with efforts to
identify molecules that regulate insect growth and development. In early ligation
experiments with larval insects Kopec (1922) provided key evidence for existence of a
molting hormone, now known as the steroid 20-hydroxyecdysone (20E). Purification of the
hormone from Bombyx mori pupae (Butenandt and Karlson, 1954) was monitored using a
sensitive bioassay based on stimulation of puparium formation in larvae of the fly,
Calliphora erythrocephala (Fraenkel, 1935). Despite years of intensive investigation,
however, the physiological events that coordinate cell and tissue interactions with mitotic
events involved in molting, proliferation, and differentiation of larval tissues and imaginal
discs are poorly understood. Here we review our efforts to develop the Aedes albopictus
C7-10 mosquito cell line to investigate how 20E, which is readily soluble in culture media,
affects specific regulatory events in the mitotic cell cycle.

2. Origin of the Ae. albopictus C7-10 cell line
Given the complexity of holometabolous insects, the survival and proliferation of isolated
cells in vitro as continually renewable, mitotically-dividing cells is remarkable. As is the
case with mammalian tissues, insect cell lines originate from dissected tissue fragments,
which remain metabolically active in a suitable culture medium (for details with insect
materials, see Lynn, 2001 and Echalier, 1997). After weeks to months, small populations of
dividing cells grow out from the tissue fragments, and become apparent under the light
microscope. Echalier's isolation of the Kc line, the first permanent cell line from Drosophila
melanogaster, was the fortuitous result of benevolent neglect over several months, due to
disruptions caused by a “student revolution” in Paris (Echalier, 1997). In contrast, within a
few weeks after initiation of the in vitro culture, Singh (1967) obtained the Ae. albopictus
cells that eventually became known as the ATC-15 line, from which the clonal C7-10 line
originated.

The ATC-15 Ae. albopictus cell population was established from several hundred freshly
hatched larvae, minced with scissors, treated with trypsin, and cultured in Mitsuhashi and
Maramorosch (1964) medium with 20% fetal bovine serum (Singh, 1967). A decade later,
Sarver and Stollar (1977) adapted ATC-15 cells to Eagle's minimal medium supplemented
with nonessential amino acids, glutamine, glucose, vitamins, antibiotics and fetal bovine
serum (Shih et al., 1998), and selected a clonal population, LT-C7, which showed cytopathic
effects after infection with Sindbis and Vesicular Stomatitis viruses (Sarver and Stollar,
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1977; Gillies and Stollar, 1982). Maintaining LT-C7 cells in Eagle's medium, which apart
from the serum is chemically defined, facilitated use of isotopes and allowed direct
comparisons of arbovirus growth between mosquito and vertebrate cells. Use of Eagle's
medium further facilitated selection of mutant cell lines resistant to drugs such as 5-
bromodeoxyuridine, ouabain, α-amanitin, methotrexate, and hydroxyurea (reviewed by
Fallon and Kurtti, 2005). The C7-10 cells, which we use as our standard, wild-type
population, are a subclone of the LT-C7 line. The Ae. albopictus cell line known as C6/36 is
a closely-related line that originated from the same Eagle's-adapted ATC-15 cells, selected
for high arbovirus virus yield (reviewed by Fallon, 1997).

3. Comparisons between insect and mammalian cell lines
The astute reader will note that Grace used the word “strain,” rather than “cell line,” in the
title of his pioneering publication (Grace, 1962). In the 1960's, it was becoming increasingly
apparent that with time, cells evolve through a predictable pattern of events, best
documented with mammalian cells, that ultimately results in a transition from primary
culture to an immortal cell line consisting of transformed cells that exhibit the properties of
cells derived directly from malignant tumors (Fig. 1). Insect cell culturists do not rigorously
distinguish between cell strains and cell lines, and the transition from diploid to aneuploid
karytoype that occurs in mammalian cells does not appear to occur, at least in cell lines from
Diptera. In this context, it will be of particular interest to follow the evolution of cell lines
from Anopheles mosquitoes, which were established relatively recently for investigation of
mosquito immune responses (see Fallon and Sun, 2001).

In mammalian terminology, the mitotic cells from a primary culture first give rise to a cell
strain—a population of cells that can be reproducibly sub-cultured by dilution over a period
of months. Cell strains have characteristic properties: they require serum, have a diploid
karyotype, are contact inhibited, and are capable of a limited number of cell divisions, often
called the “Hayflick limit” in recognition of the pioneering studies by Leonard Hayflick
(Hayflick, 1965). Upon reaching the Hayflick limit, the cell population enters a senescent
phase, or crisis, with cessation of growth. In human cell strains, senescence is correlated
with a progressive shortening of telomeres at each division cycle, but differences between
mouse and human cell lines suggest that telomere shorting is only one of several
mechanisms that cells use for tracking the number of divisions (Wright and Shay, 2000). We
are not aware of a Hayflick limit having been described for any insect cell line; nor, over the
past three decades, have we observed a crisis in C7-10 cells or their clonal derivatives.

As mammalian cell strains senesce, one in roughly 105 to 107 cells bypasses the block to
division (Wright and Shay, 2000). Cells that divide beyond the Hayflick limit have
mutations in cell cycle or DNA damage checkpoint proteins that in aggregate, allow mitosis
to continue despite negative regulatory processes associated with crisis. Cells that bypass
crisis are said to be “transformed” in the sense that they divide indefinitely, have reduced
requirements for serum, show loss of contact inhibition, are aneuploid, and often form
tumors when re-injected into syngeneic animals. Consistent with the absence of a Hayflick
limit, C7-10 cells have remained diploid over several decades, without the characteristic
transition to the aneuploid karyotype that occurs when mammalian cells evolve from a cell
strain to established cell line. Likewise, permanent cell lines from Drosophila typically have
stable diploid karyotypes (Echalier, 1997).

Although the C7-10 cells with which we have worked for several decades remain
predominantly diploid, and do not exhibit a reduced requirement for fetal bovine serum, they
do resemble transformed cells in their relatively low degree of contact inhibition, and their
ability to divide in suspension cultures. Moreover, certain mutant cell lines, such as those
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selected for high resistance to methotrexate, undergo gene amplification, which can be
accompanied by distinct changes in ploidy (Shotkoski and Fallon, 1990). In this context, we
note that double minute chromosomes have been reported in C6/36 cells (Mukherjee and
Herrera, 1985; Monroe et al., 1992), but systematic comparisons between these two cloned
cell lines have not been undertaken.

4. The 20E response
With the elucidation of its chemical structure and recognition of its effects on polytene
chromosomes, 20E was one of the first insect hormones to be examined for its effects on
insect cells in vitro. In pioneering work with Drosophila Kc cells (reviewed by Echalier,
1997), various investigators showed that 20E (β-ecdysone) is more active than its immediate
precursor, ecdysone (α-ecdysone). Aside from arresting division, 20E treatment has been
associated with changes in cell morphology and mobility; alterations in activities of certain
enzymes including acetylcholinesterase, β-galactosidase, dopa-decarboxylase, catalase,
superoxide dismutase, and protein kinases; synthesis of ecdysone-inducible proteins,
including the small (but not the large) heat shock proteins, as well as actin and tubulin; and
changes in cell surface glycoproteins. Although a model that relates these apparently
disparate effects of 20E on Drosophila cell lines remains to be proposed, effects of estrogen
on cytoskeletal organization have been attributed to non-nuclear effects of steroids,
mediated by kinase cascades independent of gene expression and protein synthesis (Sanchez
and Simoncini, 2009).

4.1 20E inhibits C7-10 cell growth
As has been shown with Drosophila cells, physiological concentrations of 20E inhibit
growth of C7-10 cells (Johnston and Fallon, 1985), and induce synthesis of a small number
of proteins (Lan et al., 1993). Inhibition of cell growth by 20E, as well as its effects on cell
morphology and cytoskeletal proteins, have also been observed with lepidopteran cell lines,
particularly the imaginal disc cell line IAL-PID2 from the moth, Plodia interpunctella
(Siaussat et al., 2007, 2008). We note that in Kc and S2 Drosophila cell lines, inhibitory
effects on cell growth facilitated selection of 20E-resistant derivatives, which were used in
transfection studies to characterize the ecdysteroid receptor as a heterodimeric complex of
EcR and Ultraspiracle proteins (Yao et al., 1993). Considerable effort has been directed
towards characterization of the ecdysteroid receptor, EcR, and its heterodimeric partner,
ultraspiracle (USP), from diverse arthropods, with nearly 100 cloned sequences reported
(Nakagawa and Henrich, 2009). As expected, phylogenetic analyses of sequence
relationships reflect accepted taxonomic relationships.

4.2 C7-10 cells synthesize 20E-inducible proteins
In contrast to its inhibitory effects on growth overall, 20E-induced expression of the small
heat shock proteins in some Drosophila cell lines provided a potential system for investing
an up-regulated 20E response in transfected cells. Towards this end, Dobens et al. (1991)
developed plasmids containing tandem copies of the 20E response elements (EcRE)
upstream of the hsp27 gene encoding small heat-shock protein HSP27. Transfected
Drosophila cells showed a remarkable, 20-fold increase in reporter gene expression after
treatment with 20E. Our inability to reproduce this robust effect in transfected C7-10 cells
prompted a broader analysis of the 20E response in these cells. Using one and two-
dimension polyacrylamide gel electrophoresis, we identified eleven 20E-inducible proteins,
ranging in size from 22 to 52 kDa, but these proteins did not include HSP27 or other small
heat shock proteins (Lan et al., 1993), and their identities remain unknown. We obtained a
partial internal amino acid sequence from the 52 kDa protein, which was induced four to six
hours after treatment with 20E. An in silico analysis suggested that the 52 kDa protein is a
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conserved hypothetical protein that occurs in a wide range of species (Eccleston et al.,
2002); to date, however, this protein has not been characterized further in either Drosophila
or Caenorhabditis elegans, other than to identify possible protease function based on amino
acid sequence.

4.3 20E receptors are expressed by C7-10 cells
Our inability to detect, in transfected C7-10 cells, strong inducible reporter gene expression
from the Drosophila hsp27 EcRE led us to consider the possibility that 20E-induced
inhibition of cell growth represented a pharmacological effect, rather than a receptor-
mediated hormone response. Using reverse-transcriptase polymerase chain reaction (RT-
PCR) with primers based on Ae. aegypti EcR and USP homologs, we verified that C7-10
cells constitutively expressed the EcR and USP components of the ecdysone receptor
(Jayachandran and Fallon, 2000). Although both transcripts were expressed in C7-10 cells,
EcR transcripts were expressed at higher levels (or were more stable) than USP transcripts.
On northern blots, the major EcR transcript measured 4.2 kb, and a minor transcript
measured 6.0 kb. In contrast, USP transcripts were detectable only by more-sensitive RT-
PCR methodology.

Western blot analyses further indicated that C7-10 cells express EcR protein. Cell nuclei
contained a predominant EcR isoform with a mass of ∼ 80 kDa, and lesser amounts of minor
isoforms, with masses of 72, 74, and 75 kDa, while only the 80 and 74 kDa isoforms were
detected in the cytoplasm. Not surprisingly, the abundance of these proteins was low, and
bands corresponding to the signal on Western blots were not apparent on stained gels. Heat-
shock-induced expression of sense and/or antisense EcR constructs clearly influenced
recovery of stably transfected cells, suggesting that perturbation of the receptor-mediated
pathway disrupts cell growth, even in the absence of 20E. Moreover, antisense-EcR
expression increased the relative abundance of a second EcR isoform (which we named
EcRb) with eleven amino acid substitutions and a seven amino acid deletion near its C-
terminus, relative to the predominant (EcRa) isoform expressed in control cells
(Jayachandran and Fallon, 2001).

4.4 Possible binding of mosquito AP-1 to EcRE
Because Raikhel and coworkers successfully used the EcRE from Drosophila hsp27 to
characterize an EcRE from the mosquito Ae. aegypti (Miura et al., 1999), and to inhibit
receptor binding to the Ae. aegypti vitellogenin EcRE (Wang et al., 1998), we remained
puzzled as to why the element did not support 20E-induced expression of a reporter gene in
C7-10 cells. Indeed, recovery of stably transfected cells was diminished in a dose-dependent
manner when constructs containing the hsp27 EcRE were introduced with Lipofectamine.
This effect was stronger with EcRE sequences oriented in the “sense” orientation, relative to
control constructs containing antisense EcRE, or lacking the EcRE sequence altogether.
Because EcRE constructs contained potential binding sites for the AP-1 (mammalian
Activator Protein 1) transcription factor, we hypothesized that the input DNA itself might
bind and sequester AP-1, or a related transcription factor. Ap-1 is comprised of the proto-
oncogene products JUN and FOS, which form a JUN/JUN homodimer or a JUN/FOS
heterodimer. Using a DNA affinity column, we purified a 40 kDa nuclear protein that bound
to DNA containing AP-1 sites, and cross-reacted with a heterologous antibody to JUN
(Jayachandran and Fallon, 2002). At the time, we were unable to validate the identity of this
putative JUN homolog by mass spectrometry. More recent technical advances in proteomics
and mosquito genome annotation, coupled with advances in understanding how AP-1
participates in non-classical genomic estrogen response pathways in mammalian systems
(Safe and Kim, 2008) suggest that participation of AP-1 in the 20E response may merit
further investigation.
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5. The Cell Cycle
In traditional cell culture, cells lack the cell-to-cell interactions that might be expected
among the epidermal cells of an insect larva, where coordinated behavior is required for a
successful molt. Nevertheless, cells in culture can be induced to progress through the mitotic
cycle synchronously, and the most robust effect of 20E on C7-10 cells is arrested growth
that occurs at a particular phase of the cell cycle (Gerenday and Fallon, 2004). In a
population of cultured cells, each individual goes through its mitotic cycle independently of
its neighbors. Interactions among proteins known as cyclins, cyclin-dependent kinases and
phosphatases, and cyclin-dependent kinase inhibitors regulate normal progression through
the cell cycle, and space permits only a brief synopsis here (Fig. 2). Swanhart et al. (2005)
provide an excellent review on growth and cell cycle progression in Drosophila.

After mitosis, a daughter cell enters the G1 phase of the cycle, during which it grows and
accumulates metabolites required for DNA synthesis. While the cell is in G1, cyclin D
mediated events allow the cell to monitor its external environment, including, in mammalian
cells, the presence of estrogen. Cyclins E and A become prominent as cells enter the S, or
Synthesis, phase of the cycle, when DNA replication occurs. As synthesis progresses, cyclin
E is degraded. Following S, as cells enter G2, mitotic cyclin B accumulates, followed by
mitosis. G1 and G2 are “gaps” in the cycle, which prevent DNA replication before mitosis is
complete, and prevent mitosis until replication is complete. Typically, cells growing
exponentially in culture medium divide asynchronously, and the proportion of cells in any
particular phase of the cycle reflects the relative length of that phase, relative to the
generation time.

A classical method for synchronizing a cell population with respect to entry into the mitotic
cycle involves two successive treatments with hydroxyurea, a reversible inhibitor of the
enzyme ribonucleotide reductase (RNR). RNR reduces ribonucleotides to the
deoxyribonucleotide precursors required for DNA synthesis. In an initial treatment with
hydroxyurea, cells in G2 and in G1 progress through the cycle to the G1/S boundary, and
arrest. Cells in S at the time of exposure to hydroxyurea complete synthesis. Removal of
hydroxyurea allows the cohort of cells at the G1/S boundary to pass through S in synchrony.
After a period of time equivalent to the duration of S, a second treatment with hydroxyurea
blocks all cells, including those that were in S at the first treatment, at the G1/S boundary.
After release from the second hydroxyurea block, essentially all the cells in the population
pass through S in synchrony. Gerenday et al. (1997) describe the conditions for
synchronization of C7-10 cells.

Cell cycle synchronization requires basic knowledge of the duration of G1, S and G2,
relative to the population doubling time. In the presence of fresh medium, that is, access to
unlimited nutrients, cells cycle rapidly; nearly every cell in the population is mitotically
active. With increased time, nutrients become depleted, and the population doubling time
increases, reflecting heterogeneity in the growth rate and the exit of individual cells from the
cell cycle into a quiescent state. C7-10 cells have a generation time of 15 h when they enter
exponential growth, which increases to 28 h as the population reaches confluence (Gerenday
and Fallon, 1996). Using pulse-chase experiments with [3H]thymidine, we showed that the
duration of S is 6-8 h, and G2, 2-2.5 h. Although our understanding of cell cycle events in
the context of a 20E response is limited, available data indicate that P. interpunctella
imaginal wing cells arrest in G2 and show the expected decrease in cyclin B (Mottier et al.,
2004), while C7-10 cells arrest in the G1 phase of the cycle, and show decreased abundance
of cyclin A (Gerenday and Fallon, 2004). The G1 arrest in mosquito cells was somewhat
unexpected, because cumulative studies on epidermal and imaginal disc cells in insects, and
limited studies with insect cell lines, had supported the generalization that insect cells differ
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from mammalian cells in that the G2 phase of the cycle is longer than G1, and that arrest
typically occurs in G2 (Hatt et al., 1994). Further studies using flow cytometry showed that
after treatment with 20E, C7-10 cells complete the ongoing cycle before arresting in G1
(Gerenday and Fallon, 2004), and recent data suggest that the mosquito homolog of the cell
cycle inhibitory protein, DACAPO, increases after 20E treatment (Gerenday and Fallon,
unpublished observations).

6. Concluding Remarks
Approximately 500 insect cell lines have been described, most of which represent
Lepidopteran or Dipteran species. Historically, Lepidopteran cell lines came into
prominence for production of baculoviruses for biological control, and more recently as
protein expression systems, while Drosophila cell lines provided an in vitro adjunct to the
classical genetic approaches available with this model organism. Mosquito cell lines
provided in important in vitro system for investigation of arbovirus infections.

The changes that enable a primary cell culture to generate cells capable of indefinite growth
are poorly understood with insect, relative to mammalian cells, and few rigorous
investigations of karyotype stability have been done with Lepidopteran cell lines, which
have relatively high numbers of small, holocentric chromosomes that are difficult to
distinguish by light microscopy. For cytological studies, Dipteran cell lines have the
advantage of small numbers of large chromosomes, which can be easily distinguished with
the light microscope. Karyotype analyses with Drosophila and mosquito cell lines suggest
that their capacity for unlimited growth does not involve selection for aneuploid cells. That
much remains to be learned from insect cells in culture is underscored by the recent
recognition of insect stem cells, and their potential for identifying specific molecules that
control growth and differentiation. Unfortunately, such investigations require rigorous
attention to details of medium composition, and hypotheses that might guide successful
discovery of regulatory molecules are difficult to articulate. Technical advances in cell
culture, such as three-dimensional systems that foster cell-cell interactions, may allow more
sophisticated reconstruction of hormonal cascades that control insect growth and
metamorphosis, including possible stimulatory effects of 20E at sub-micromolar
concentrations (Cherbas et al., 1980; Echalier, 1997, Chapter 8).

Our own work has focused on the Ae. albopictus cell line called C7-10, which we have used
to investigate cell cycle progression in response to 20E. These cells originated from non-
feeding neonate larvae (Singh, 1967), and their arrest in the G1 phase of the cycle contrasts
with the G2 arrest observed in Plodia interpunctella imaginal wing cells, established from
last instar larvae. The extent to which differences in the 20E-mediated cell cycle arrest in
these two lines reflect the developmental context of the cells from which the lines originated
(see Swanhart et al., 2005) remains to be explored.

The complexity of hormone-regulated events is underscored by the extensive work done
with estrogen-mediated proliferation of breast cancer cell lines, which has important
therapeutic applications. Estrogen's effects have been shown to involve an interplay between
classical “genomic” interactions of ligand-bound receptors to estrogen responsive elements,
as well as protein-protein interactions that involve factors such as AP-1, in which the
estrogen receptor participates, but does not interact directly with promoter DNA (Safe and
Kim, 2008). Estrogen also stimulates signaling pathways involving phosphorylation of
downstream effector proteins, whose activity may be localized in the cytoplasm (Fox et al.,
2009). As these novel effects of estrogen become better understood, insect endocrinologists
can use the information to develop new models for understanding the roles of insect
hormones in growth and metamorphosis.
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Fig. 1.
Stages in the evolution of an established cell line from a tissue isolate. Although insects cells
have not been studied as carefully as vertebrate cells, they appear not to undergo the crisis,
accompanied by senescence and conversion to aneuploidy, that has been documented in
mammalian cell lines.

Fallon and Gerenday Page 11

J Insect Physiol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Schematic representation of the cell cycle. M, mitosis; G1, gap 1; S, synthesis; G2, gap2.
Predominant cyclins (cyc) are shown in shaded ovals.
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