
Short Hairpin RNA Screen Indicates That Klotho Beta/FGF19
Protein Overcomes Stasis in Human Colonic Epithelial Cells*

Received for publication, June 6, 2011, and in revised form, October 19, 2011 Published, JBC Papers in Press, October 21, 2011, DOI 10.1074/jbc.M111.267641

Jinyong Kim‡, Ugur Eskiocak‡, Guido Stadler‡, Zhenjun Lou‡, Makoto Kuro-o§, Jerry W. Shay‡,
and Woodring E. Wright‡1

From the Departments of ‡Cell Biology and §Pathology,University of Texas Southwestern Medical Center, Dallas, Texas 75390-9039

Normal human colonic epithelial cells (HCECs) are not
immortalized by telomerase alone but also require CDK4. Some
human cell types growth-arrest due to stress- or aberrant signal-
ing-induced senescence (stasis). Stasis represents the conse-
quences of growth conditions culture that are inadequate to
maintain long-term proliferation. Overexpressed CDK4 titers
out p16 and allows cells to ignore the growth arrest signals pro-
duced by stasis. To identify factors contributing to the inade-
quate culture environment, we used a 62,000-member shRNA
library to knock down factors cooperating with human telomer-
ase reverse transcriptase (hTERT) in the immortalization of
HCECs. Knockdown of Klotho gamma (KLG; also known as
KLPH and LCTL) allowed hTERT to immortalize HCECs. KLG
is one isoform of the Klotho family of factors that coordinate
interactionbetweendifferent FGF ligands and theFGF receptor.
We also found that knockdown of KLG induced another mem-
ber of the Klotho family, Klotho beta (KLB). Induction of KLB
was maintained and could activate ERK1/2 in immortalized
cells. Supplementation of the culture medium with the KLB
ligand FGF19 had a similar effect on hTERT-expressing HCECs
as knockdown of KLG regarding both immortalization and
down-regulation of the tumor suppressor Klotho alpha.
Together, these data suggest that KLB is an important regulator
in the immortalization of HCECs by facilitating FGF19 growth
factor signaling.

Human somatic cells have a limited replicative life span in
vitro, known as the Hayflick limit (1). Our laboratory has pro-
posed a two-stagemodel of cellular senescence. Normal human
fibroblasts undergo a limited number of divisions in culture and
eventually enter a non-dividing state designated replicative
senescence or mortality stage 1 because telomeres have short-
ened enough to induce a DNA damage signal. In the absence of
cell cycle check points (e.g. p53 or p16/Rb), cells can continue to
divide until extreme telomere shortening initiates a second
block to cell division, mortality stage 2 (2). During mortality
stage 2 (crisis), end fusions and chromosome breakage cycles
result in cell death. The expression of telomerase at levels suf-
ficient to maintain or elongate telomeres can prevent the
telomere shortening responsible for bothmortality stages 1 and
2 and results in the immortalization of some cell types such as

retinal pigment epithelial cells and foreskin fibroblasts (3, 4).
However, other cell types growth-arrest due to inadequate cul-
ture conditions (lack of growth factors, micronutrients, or cell-
cell interactions), termed stasis (stress- or aberrant signaling-
induced senescence) (5). This telomere length-independent
growth arrest can be bypassed either by adjusting the culture
conditions to the needs of the particular cell type or by abrogat-
ing the stress-induced check point that triggers growth arrest.
WI-38 fetal lung fibroblasts cannot be immortalized by ectopic
human telomerase reverse transcriptase (hTERT)2 under
standard conditions but are immortalized in low oxygen with
media supplements (4). Keratinocytes andmammary epithelial
cells up-regulate p16 and growth-arrest when cultivated on
plastic dishes. This can be prevented by the use of feeder layers,
and on feeder layers, they can be immortalized with hTERT
alone (6). For bronchial and colonic epithelial cells, culture con-
ditions allowing immortalization with hTERT have not yet
been found. Exogenous CDK4 can bind and prevent p16 inhi-
bition, and in many cases, CDK4, together with hTERT, is suf-
ficient to immortalize cells (7, 8).
Human colonic epithelial cells (HCECs) show premature

growth arrest due to p16 proteins under normal culture condi-
tions (8). This HCEC strain can be immortalized by coexpres-
sion of hTERTandCDK4. To identify factors or pathways caus-
ing stasis in HCECs, we performed an shRNA library screen for
factors that allow immortalization in cells expressing hTERT
without CDK4. We found that knockdown of Klotho gamma
(KLG) was able to cooperate with hTERT to immortalize
HCEC. KLG is a member of the Klotho family of receptor
coactivators that include Klotho beta (KLB) and the tumor sup-
pressor Klotho alpha (KLA). The ligand for KLG (FGF19) was
also able to cooperate with hTERT in HCEC immortalization,
even in the absence of KLG knockdown.We suggest a model in
which KLG knockdown or exogenous FGF19 produces up-reg-
ulation of KLB and sufficient growth stimulatory activity to
down-regulateKLAandprevent the tumor suppressor function
of KLA from inducing stasis. FGF19 is thus an important
growth factor for the culture of HCECs.

EXPERIMENTAL PROCEDURES

Cell Culture and RNA Preparation—HCEC strains 1 and 2
(HCEC1 and HCEC2) were derived and maintained as
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described previously (8). HCEC1-hTERT and HCEC2-hTERT
cells (expressing cDNAs for the catalytic subunit of telomerase)
were cultured inmedium consisting ofmedium-X (4:1DMEM/
Medium 199, HyClone), 2% Cosmic calf serum (HyClone),
insulin, and gentamycin. HCEC1-hTERT cells were cultured at
37 °C in low oxygen (2–5%). Cells were subcultured when 80%
confluent. Total RNA was isolated from 1 � 106 cells using an
RNeasy mini kit (Qiagen) according to the manufacturer’s pro-
cedures. The RNA yield from each replicate was calculated
based on the absorbance at 260 nm.
Production of Virus-packaged shRNA Library—The Open

Biosystems pGIPZ viral shRNA library was produced as
described following the manufacturer’s protocol with the fol-
lowing modifications. 293FT cells were propagated in medi-
um-X with 10% Cosmic calf serum. 15 �g of the pGIPZ lentivi-
ral shRNA library plasmids were cotransfected with 7.5 �g of
the pAX2 packaging plasmid and 7.5 �g of the pMD2G enve-
lope plasmid using calciumphosphate. Virus-containing super-
natant was collected at multiple time points after transfection
and used to infect target cells after filtration through a 0.45-�m
filter. As the pGIPZ backbone contains GFP, infection effi-
ciency was determined by measuring the percentage of GFP-
positive cells by flow cytometry.
Identification of shRNA Clones—The 62,000-member

shRNA library contains zero to five shRNAs for different genes.
We divided the 62,000-member library into pools of 20,000
shRNAs and infected three sets of duplicate plates of HCEC2-
hTERT cells (seven to eight population doublings (PDs)) prior
to when they would enter stasis. Cells were infected at a low
multiplicity of infection designed to introduce one to two
shRNAs/cell. After day 5, these dishes were plated at low den-
sity (10,000 cells/15-cm plate) and cultured until control
HCEC2-hTERT cells reached stasis.
Any knockdown of a gene contributing to stasis in HCEC2-

hTERT cells will have a growth advantage (see Fig. 1B). About
20 colonies/plate were isolated (total of 135 colonies). These
were expanded individually until they reached confluency in a
T25 flask, and then genomic DNA was isolated for the identifi-
cation of shRNAs. Individual shRNA cassettes were recovered
from the genomic DNA using forward primer TGCCTGAGT-
TTGTTTGAATGAGGCTTand reverse primerCATAGTTA-
AGAATACCAGTCAATCTT. The PCR products were then
gel-purified using the Qiagen QIAquick PCR purification kit
following themanufacturer’s protocol. The amplified PCR frag-
ments were subcloned into the TA cloning vector (pGEMT)
and sequenced. The recovered shRNA was identified by
sequence comparison with the pGIPZ shRNA library database.

Effects of FGFs on Proliferation of HCEC1-hTERT Cells—To
determine the effect of FGFs on HCEC1-hTERT cells, four dif-
ferent FGF ligands (FGF19, FGF21, FGF23, and basic FGF; R&D
Systems) were applied to HCEC1-hTERT cells. 5 ng/ml each
FGF ligand was added to 10-cm plates, and the medium was
changed with fresh FGF ligand every 3 days during the cell
culture period.
Western Blotting—Cell lysates were separated by 10% SDS-

PAGE. Proteins were transferred to PVDF membranes and
incubated with primary antibodies as indicated. Primary anti-
bodies were detected using a secondary HRP-conjugated
antibody.
Detection of mRNA Levels—First-strand cDNA of HCEC

mRNA was synthesized using 1 �g of total RNA in a 20-�l
reverse transcriptase reaction mixture as recommended by the
manufacture (Roche Applied Science). A region of the mRNA
was amplified using oligo(dT) primers and hexamer primers.
The amplified cDNA fragmentwas generated in 20�l, and one-
twentieth was used to generate theCT value. All real-time PCRs
were performed in a 20-�l mixture containing 1 �l of cDNA,
2� reaction buffer (Roche Applied Science), 4mMMgCl2, 1�M

primers (Table 1), 0.1 �l of Universal probe (Table 1), and 0.2
mMdNTPmixture (RocheApplied Science). TheCT value from
each template was calculated using Roche 480 software based
on the first maximum of the second derivative of the amplifica-
tion curve of the template. Relative expression levels were nor-
malized with respect to GAPDH.

RESULTS

shRNA Library Screening of HCEC2-hTERT Cells—HCECs
were derived from biopsies from two different patients under-
going colonoscopy (8). HCECs stopped dividing after 20–30
PDs in culture and showed minimal additional PDs after
expressing telomerase (hTERT). This indicates the presence of
inadequate culture conditions producing stasis. Stasis can often
be overcome by expressing CDK4, and the cultured life span of
the cells was extended by 10–20 PDs by the overexpression of
CDK4 alone. HCEC2 cells were immortalized only after
expressing CDK4 to block stasis and hTERT to overcome rep-
licative senescence (Fig. 1A). To identify factors that might be
contributing to stasis, we infected HCEC2-hTERT cells with a
62,000-member shRNA library. We used three pools of 20,000
shRNAs to infect HCEC2-hTERT cells (seven to eight PDs)
prior to stasis. Knockdown of any gene contributing to stasis
would confer a growth advantage and potentially permit the
cells to immortalize (Fig. 1B). A total of 21 different shRNAs
were recovered from135 colonies. Sequence data indicated that

TABLE 1
List of primers and Roche Universal probes used in this study

Gene Forward primer Reverse primer Universal probe

KLG 5�-ACGGCAGATGTAGCCTGTG-3� 5�-GCAGTTCCCTCAGCAGAATG-3� 79
Fbx36 5�-GCCGGAGACTCTTTGAAAC-3� 5�-TCTTCCACCATCTAAAGATTACCTG-3� 70
LYN 5�-GGAGGTGCATCTTCCTCATTT-3� 5�-GCTTCATAATCATATAAGGCCACA-3� 18
KLB 5�-ACGGCGACATGGACATTTAC-3� 5�-CATCCTCCAGAGCCTGGTC-3� 59
c-fos 5�-GGGGCAAGGTGGAACAGT-3� 5�-TCTCCGCTTGGAGTGTATCA-3� 46
KLA 5�-TCCAATGGAATCGATGACG-3� 5�-CCATCCAGTATGTGGGCTTT-3� 73
GAPDH 5�-AGCCACATCGCTCAGACAC-3� 5�-GCCCAATACGACCAAATCC-3� 60
FGF19 5�-CGTGCGGTACCTCTGCAT-3� 5�-TCGGTACACATTGTAGCCATCT-3� 63
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two to three shRNAs were present in most individual cellular
clones. Of the 21 gene targets, 12 failed to have any effect when
individually tested, six extended the life spanofHCEC2-hTERT
cells by �10 PDs but failed to immortalize the cells, and three
were sufficient to cooperate with hTERT and produce contin-

uous cell growth. One of these was against an oncogene homo-
logue (LYN), one was against a protein involved in ubiquitina-
tion of multiple products (FBX36), and one was against KLG.
The results of studies on KLG (Fig. 1C) are described in detail
here. This shRNA against KLG produced a 50% reduction in
KLG mRNA compared with uninfected cells.
To rule out off-target effects, several different shRNAs

against these genes were tested. As shown in Fig. 1D, two dif-
ferent KLG shRNAs (shKLG2 and shKLG3) also overcame sta-
sis and cooperated with telomerase to immortalize HCEC1-
hTERT cells, in contrast to the empty vector (control). shKLG2
and shKLG3 produced a 70 and 50% reduction in KLG mRNA
compared with uninfected cells, respectively. Knockdown of
KLG did not affect stasis in human skeletal muscle cells (data
not shown).
Knockdown of KLG Increases KLB Expression and Activates

ERK1/2 in Immortalized Cells—The shRNAs used in these
experiments also express GFP as a marker of shRNA expres-
sion. Interestingly, the GFP intensity of HCEC1-hTERT-
shKLG cells gradually decreased even though the cells contin-
ued to grow exponentially (0.9 PD/day) (Fig. 1D) at the later
PDs.We examined KLGmRNA levels during the immortaliza-
tion of HCEC1-hTERT cells. In early HCEC1-hTERT-shKLG2
and HCEC1-hTERT-shKLG3 cells (PD54), the expression lev-
els of KLGwere reduced by 50 and 70%, respectively. However,
expression levels returned to those in uninfected control cells at
PD100 (Table 2, Part A). This suggested that knockdown of

FIGURE 1. Knockdown of KLG cooperates with telomerase to immortalize
HCECs. A, HCEC2 cells require CDK4 to overcome stasis in culture and need
both hTERT and CDK4 to proliferate indefinitely. B, schematic outline of
shRNA screen. Near-stasis HCEC2 cells expressing only telomerase were
infected with the shRNA library. After 40 days, the shRNAs in growing HCEC2-
hTERT cells were recovered by PCR amplification and identified by sequence
analysis. C, shKLG1 recovered in the screen was validated as sufficient to over-
come stasis in HCEC2 cells. D, knockdown of KLG immortalizes a second HCEC
line. Off-target effects were eliminated by showing that two additional shR-
NAs to KLG also immortalized the HCEC1-hTERT cell line.

TABLE 2
Changes in expression by quantitative PCR normalized to pre-stasis
HCEC1-hTERT cells (�S.D.)

Part A. KLG after shKLG
PD54 1.0 � 0.02
shKLG2 PD50 0.5 � 0.05
shKLG3 PD50 0.3 � 0.15
shKLG2 PD100 1.1 � 0.12
shKLG3 PD100 1.1 � 0.32

Part B. KLB after shKLG
PD58 1.0 � 0.13
shEmptya PD58 1.1 � 0.36
shKLG3 PD117 8.9 � 0.31

Part C. KLB in FGF19-immortalized cells
PD53 1.0 � 0.04

FGF19 PD109 29.1 � 1.51
Part D. c-fos expression
PD56 1.00 � 0.08
shEmpty PD59 0.80 � 0.02
FGF19-immortalized PD103.3 0.05 � 0.00
shKLG3 PD117.7 2.67 � 0.08

Part E. c-fos after acute FGF19 stimulation
PD50.3 1.00 � 0.10
PD50.3, 40-min FGF19 0.89 � 0.04
FGF19 PD103.3 0.21 � 0.03
FGF19 PD103.3, 40-min FGF19 2.92 � 0.48

Part F. KLB after acute FGF19
PD53 1.0 � 0.14
PD53, 40-min FGF19 stimulation 0.9 � 0.09
shEmpty PD58 1.3 � 0.16
FGF19 PD103.3 7.3 � 1.29
FGF19 PD103.3, 40-min FGF19 stimulation 5.1 � 0.65
shKLG3 PD117 7.7 � 1.37

Part G. KLG
PD56.1 1.0 � 0.17
shEmpty PD58.3 0.9 � 0.39
shKLG PD129.1 1.0 � 0.05
FGF19 PD103.1 1.0 � 0.07

a shEmpty, empty shRNA.
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KLG is required initially to overcome stasis but that maintain-
ing the knockdown is inhibitory for growth and that ultimately
some other compensatory change selects for a return to normal
levels of KLG expression. This suggested that additional fac-
tor(s) are necessary for the long-term maintenance of prolifer-
ation of HCEC1-hTERT cells.
KLG is a single-pass transmembrane protein that binds to

FGF receptors (FGFRs) and increases their affinity for FGF19
(9). KLB, another member of the Klotho gene family, has the
same function as KLG (10).We next investigatedwhether there
had been any changes in KLB or its downstream targets. RT-
PCR showed that KLB mRNA levels increased by 9-fold in the
immortalized HCEC1-hTERT cells (Table 2, Part B). ERK1/2 is
a direct downstream target of KLB. Lysates from HCEC1-
hTERT cells were harvested before stasis and after immortal-
ization by three different KLG shRNAs. Fig. 2 shows that after
KLG levels had returned to normal levels (PD100), cells
infectedwith all three KLG shRNAs produced an up-regulation
of the phosphorylated (activated) forms of ERK1/2, whereas the
levels of total ERK1/2 remained constant.
FGF19 Signaling Is Sufficient to Activate KLB, Which Is

Required for Immortalization of HCEC1-hTERT Cells—KLG
and KLB are co-receptors for FGF19 (9, 10). We thus tested
excess amounts of four different FGF ligands (FGF19, FGF21,
FGF23, and basic FGF) on HCEC1-hTERT cells. Only FGF19
cooperated with hTERT to immortalize cells and produced sig-
nificant colony growth formation (Fig. 3). Cells immortalized
with FGF19 exhibited a 29-fold increase in KLB levels (Table 2,
Part C) but only 8-fold in other experiments, supporting the
evidence that KLB signal transduction is involved in avoiding
stasis. Knockdown of either KLG or KLB in FGF19-immortal-
ized HCEC1-hTERT cells slowed their growth, confirming the
contribution of both factors to proliferation in these cells.
We examined whether endogenous FGF19 expression is

maintained during the immortalization ofHCEC1-hTERTcells
by shKLGor exogenous FGF19. Endogenous FGF19 expression
levels were maintained prior to stasis but were undetectable in
immortalized cells (Fig. 4A). FGF19 expressionwas thus altered
even in the shKLG cells that were not exposed to feedback inhi-
bition by exposure to exogenous FGF19.
KLB Target Genes Can Be Activated during Immortalization

of HCEC1-hTERT Cells—FOS is a well characterized KLB tar-
get gene (11) and an important gene for continuous cell prolif-
eration in cancer cells (12). We examined mRNA expression
levels of c-fos in both immortalized cell lines (HCEC1-hTERT-

shKLG andHCEC1-hTERT-FGF19) by real-time PCR. Relative
expression levels of c-fos were increased by �2.7-fold in
HCEC1-hTERT-shKLG cells compared with prestasis control
cells (Table 2, Part D). Surprisingly, the relative expression level
of c-fos was decreased by 20-fold in cells immortalized with
FGF19. This was unexpected, and we hypothesized that it
might be related to the specific time point of this cell harvest (2
days after feeding with FGF19). c-fos is an early-response gene,
so we examined early time points (before and 40 min after
FGF19 stimulation). In this experiment, not only was the basal
level of c-fos only 5-fold lower than in prestasis cells, but it

FIGURE 2. Changes in signaling after HCEC-hTERT immortalization. Phos-
pho-ERK1/2 levels were increased at a time when KLG levels had returned to
normal. ERK1/2 is a downstream target of KLB.

FIGURE 3. FGF19 cooperates with telomerase to immortalize HCEC-hTERT
cells. A, cells were cultured in 5 ng/ml each FGF ligand. Only FGF19 overcame
stasis. bFGF, basis FGF. B, HCEC1-hTERT cells were plated at 1000 cells/10-cm
dish in the presence of 5 ng/ml each FGF ligand. Only FGF19 prevented stasis
and permitted vigorous clonal growth.

FIGURE 4. Changes in expression after HCEC-hTERT immortalization. A,
FGF19 expression levels were suppressed after immortalization with either
exogenous FGF19 or shKLG. shEmpty, empty shRNA. B, KLA levels were sup-
pressed after immortalization with either shKLG or exogenous FGF19.
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increased by 14-fold following FGF19 stimulation (Table 2, Part
E). This confirmed that FGF19 stimulation activates the KLB
target gene c-fos. We also found that acute FGF19 stimulation
did not affect KLB expression (Table 2, Part F).
Klotho Family Members Can Be Coordinately Activated dur-

ing Immortalization of HCEC1-hTERT Cells—Klotho family
members form tertiary complexes with multiple FGFRs and
endocrine FGFs (FGF19, FGF21, and FGF23) to activate down-
stream signaling events (13). We asked whether immortaliza-
tion of HCEC1-hTERT cells requires all of the Klotho family
members. As described above, mRNA levels of KLB were
increased following bothmethods of immortalization (HCEC1-
hTERT-shKLG and HCEC1-hTERT-FGF19) (Table 2, Parts B
and C). In contrast, although KLA mRNA was present in pres-
tasis cells, it was not detectable in either immortalized cell line
(Fig. 4B). The same result was confirmed by quantitative PCR
(data not shown). This suggests that down-regulation of KLA
may be contributing to cell proliferation after cells overcome
stasis. We also examined KLG expression in the cells immor-
talized by FGF19 (Table 2, Part G). KLG levels remained
unchanged. Table 2 (Part G) also confirms the previous result
that KLG levels in the shKLG cells had returned to normal
levels after immortalization.

DISCUSSION

In this study, we have demonstrated that knockdown of KLG
overcame stasis and allowed hTERT to immortalize two differ-
ent colonic epithelial cell strains, HCEC1-hTERT and HCEC2-
hTERT. KLG is one isoform of the Klotho family of factors that
interact with the FGFR. Knockdown of KLG led to the disap-
pearance of KLA and increased the expression of KLB. We
found evidence that the increase in KLB expression activated
the ERK1/2 proteins in the immortalized cells. Together, these
data suggest that the dynamic regulation of KLA and KLB is
involved in the immortalization of HCEC1-hTERT cells by
accelerating growth factor signaling.
KLB Signaling Is Involved in Senescence Signaling—It is well

known that up-regulation of p21 is associated with cell cycle
arrest at the G1/S boundary (14, 15). Several studies have indi-
cated that decreased Klotho (KLB) expression can produce
p53/p21-induced stasis. RNAi with KLB in MRC-5 human pri-
mary fibroblasts results in premature senescence with a con-
comitant up-regulation of p21 (16). Human vascular endothe-
lial cells exposed to recombinant soluble Klotho are resistant to
the senescence induced by hydrogen peroxide or etoposide
(17). Neither p21 nor p53 levels were increased in immortalized
HCEC1-hTERT-shKLG or HCEC1-hTERT-FGF19 cells (data
not shown), consistent with the overexpression of KLB that we
observed. There may be differences in Klotho signaling during
stasis in different cell types because we found that knockdown
of KLG did not overcome stasis in human skeletal muscle cells
expressing hTERT.
Effect of FGF19 in HCEC1-hTERT Cells—It is not clear how

shKLG immortalizes HCEC1-hTERT cells in the absence of
endogenous FGF19 expression. Exogenous FGF19 was able to
cooperate with hTERT to immortalize HCECs. It is possible
that the serum we used contained sufficient FGF19, which

could then interact with the increased KLB protein to activate
the downstream signaling.
The Klotho family forms a binary complex with multiple

FGFRs in the presence of FGF ligands. KLB can facilitate the
interaction between FGF19 or FGF21 and FGFRs in the mem-
brane to activate the downstream signaling (10, 18). KLA can
facilitate the interaction between a different FGF ligand
(FGF23) and FGFRs. It remains undetermined why FGF19 but
not FGF21 was able to immortalize HCEC1-hTERT cells.
FGF19 and FGF21 signal through KLB-FGFR4 and KLB-
FGFR1, respectively (18, 19). Quantitative PCR analysis indi-
cated that HCEC1-hTERT cells expressed �100 times more
FGFR1mRNA than FGFR4mRNA, so failure to express FGFR1
transcripts cannot explain this result. Given that neither
shKLG- nor FGF19-treated HCEC1-hTERT cells expressed
KLA (Fig. 4), it is obvious why FGF23 had no effect, but it is not
clear why KLA expression disappeared. FGF2 (basic FGF) has
been found to be required for the immortalization of some cell
types by TERT (20–23). However, basic FGF could not immor-
talize the HCEC1-hTERT cells, suggesting that canonical FGF
signaling is not involved in this immortalization pathway. We
anticipate that many specialized cell types will require different
constellations of specific growth factors for their long-term
proliferation given the diversity of growth factors expressed
during development.
Klotho Family and Cancer—Recent studies have revealed a

link between FGF19 and colon cancer. FGF19 is expressed in
colon tumors and in a subset of human colon cancer cell lines
and is required for the growth of colon cancer xenografts (24).
FGF19 expression is induced after treatment with chemother-
apeutic agents in a pregnane X receptor-dependent manner
and is required for regrowth of colon cancer cells (25). The
mRNA for KLA was expressed (low CT value in quantitative
PCR) prior to stasis, andKLA expression then later disappeared
after immortalization (Fig. 4). This is consistent with evidence
that KLA can function as a tumor suppressor that is activated
during stasis. Loss of KLA mRNA has been observed in several
cervical cancer cell lines, and the promoter region of KLA
showed CpG hypermethylation in 41% (9/22) of invasive carci-
noma cases (26). KLA has also been reported to function as a
secreted Wnt antagonist and as a tumor suppressor (27).
Silencing of KLA mRNA may occur during the late phase of
cervical tumorigenesis, and the consequent functional loss of
KLA as a secreted Wnt antagonist may contribute to aberrant
activation of the canonicalWnt pathway in cervical carcinoma.
KLB Signaling and Effector Gene(s)—Immortalized HCEC1-

hTERT cells exhibited a significant increase in the phosphoryl-
ation of ERK1/2 compared with control (empty shRNA) cells.
Cells immortalized with either shKLG or FGF19 also up-regu-
lated c-fos expression (Fig. 2 and Table 2, Part E). Other cell
cycle regulators could also be important. It is unknownwhether
c-fos gene expression levels are different in colon cancer cells
and these normal colonic cells.
Model for Klotho and FGF19 Interactions in Immortalizing

HCEC-hTERT Cells—Normal early passage HCECs express
KLG, KLB, and KLA. KLG levels would be low, whereas KLA
levels would be insufficient to activate the growth-arresting
tumor suppressor pathway (Fig. 5A). Growth in the absence of
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excess FGF19 (inadequate culture conditions; partial occu-
pancy by FGF19 is indicated by shadowing and dashed under-
lining of the FGF19 label) would produce an up-regulation of
the tumor suppressor activity of KLA, resulting in stasis (Fig.
5B). Knockdown of KLG would induce compensatory up-reg-
ulation ofKLB, a redundant co-receptor for FGF19. Because the
ability of KLB to support FGF19 signaling is more potent than
that of KLG (9, 10), up-regulation of KLB would enhance the
effect of endogenous or exogenous FGF19. Cells that have
regained KLG expression would have a growth advantage over
those that have not (Fig. 5C). Adding FGF19 would increase
KLG and KLB signaling and remove the stimulus for KLA
expression (Fig. 5D). The mechanism for the up-regulation of
KLB following exposure to exogenous FGF19 is unknown.
It is important to have culture conditions that support the

long-term proliferation of normal specialized cell types so that
their study is not confounded by stress responses that could
alter experimental results. This study has defined FGF19 as a
growth factor sufficient to overcome stasis and permit telom-
erase to immortalize colonic epithelial cells. These cells now
provide a common cellular reagent that can be used by many
different laboratories to study HCEC biology without the diffi-
culties and lack of reproducibility encountered using primary
cultures. This should greatly facilitate advances in understand-
ing normal HCEC behavior and how it is altered during cancer
progression and in other diseases.

Note Added in Proof—LYN was a second shRNA hit in our screen.
LYN down-regulates the stem cell growth factor (SCF) receptor. 10
ng/ml SCF also immortalizedHCEC1-hTERTcells (in the absence of
FGF19).
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