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Summary

Hedgehog (Hh) signaling is a conserved  
morphogenetic pathway which plays critical roles 
in embryonic development with emerging evidence 
supporting a role in healing and repair processes 
and tumorigenesis in adults.  The Gli family of  
transcription factors (Gli1, 2 and 3) mediate the 
Hedgehog morphogenetic signal by regulating 
the expression of  downstream target genes.  We 
previously characterized the individual and 
cooperative roles of  the Gli proteins in Hh target gene 
regulation using a battery of  primary embryonic 
fibroblasts from Gli null mice.  Here, we describe 
the establishment of  spontaneously immortalized 
mouse embryonic fibroblast (iMEF) cell lines lacking 
single and multiple Gli genes.  These non-clonal 
cell lines recapitulate the unique ligand mediated 
transcriptional response of  primary MEFs.  While 
loss of  Gli1 had no effect on target gene induction, 
Gli2 null cells demonstrated reduced target gene 
induction while Gli3 null cells exhibited elevated 
basal and ligand-induced expression.  Target gene 
response in Gli1-/-2-/- iMEFs was severely reduced 
while Gli2-/-3-/- iMEFs were incapable of  ligand-
induced transcriptional response. However, both 
Gli1-/-2 -/- and Gli2-/-3-/- cells exhibited robust migration 
responses to Hh-ligand, demonstrating that this 
response is not transcriptionally-dependent.  To 
complement these Gli null cell lines, we generated 
iMEFs with stable over-expression of  several Hh 
pathway components yielding constitutive pathway 
activity.  Moving forward, the battery of  immortalized 
Gli-null and over-expressing cell lines described here 

should prove a valuable tool set to study the unique 
functional regulation of  the Gli proteins in a Hh-
responsive cell-type. 

Introduction

The Hedgehog (Hh) signaling pathway is a critical regulator 
of  diverse biological processes including developmental pat-
terning and organogenesis.  The pathway is initiated upon 
Hh-ligand binding to the transmembrane receptor Patched 
(Ptch1).  This relieves the Ptch1-mediated suppression of  
Smoothened (Smo), triggering a complex downstream signal 
cascade (reviewed in (Ingham and McMahon, 2001)). Gli1 
and Ptch1 are conserved Hh target genes and their expression 
levels are considered reliable indicators of  pathway activity. 
Most biological effects of  Hh signaling appear to be medi-
ated through transcriptional regulation of  Hh target genes, 
although recently a non-transcriptional response was identi-
fied (Bijlsma et al., 2007; Bijlsma et al., 2008).     
 Null mouse models have been critical in determining 
the role of  Hh signaling in the growth and morphogenesis of  
tissues and organs.  These models have also proved valuable 
in gleaning the function of  individual Hh signal mediators in 
pathway regulation.  In cell-based assays, Gli1 over-expression 
has been found to induce Hh target gene expression.  The 
finding that Gli1-/- mice develop normally (Park et al., 2000) 
however, infers that Gli1 function is dispensable for normal 
development.  Gli2-/- mice exhibit neural tube defects and 
demonstrate diminished Hh target gene expression in several 
tissues (Ding et al., 1998; Doles et al., 2006; Matise et al., 
1998). This supports the finding of  cell-based assays (Sasaki et 
al., 1999) that Gli2 functions as a critical target gene activator.   
Increased target gene expression in tissues derived from Gli3 
null mice relative to wildtype mice (Buttitta et al., 2003; Hu 
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et al., 2006) suggests a transcriptional repressive function of  
Gli3.
 Previously, we created a complete set of  mouse em-
bryonic fibroblasts (MEFs) from Gli null mice providing a trac-
table cell-based system in which to quantitatively examine the 
regulation of  Hh target gene expression by the Gli transcrip-
tion factors.  Measuring the basal and Shh-ligand induced 
expression Gli1, Ptch1, and Hip1 we found Gli2 loss-of-func-
tion was associated with diminished Shh-induced target gene 
expression, while Gli3 loss-of-function was associated with 
increased basal and Shh-induced target gene expression. 
 Numerous studies have utilized transgenic MEFs 
to investigate diverse gene and protein properties.  However, 
the experimental utility of  primary cells is limited by finite 
propagation and culture period.  Here, we set out to estab-
lish immortalized Gli null MEFs (iMEFs) and characterize 
their transcriptional response to Hh-ligand stimulation.  We 
found that these non-clonal iMEF cell lines are Hh-ligand 
responsive and generally recapitulate the expression patterns 
of  corresponding primary cells.  The iMEF lines allow stable 
genetic manipulation and represent a novel tool set for the 
study of  diverse properties of  the Gli proteins.  

Results and Discussion

MEF immortalization,  morphological 

characterization and ploidy analysis 

Gli3+/+ (WT), Gli1-/-, Gli2-/-, Gli3-/-, Gli1-/-2-/-, Gli1-/-3-/- and 
Gli2-/-3-/- primary MEFs were propagated by described 3T3 
protocols for spontaneous immortalization (Todaro and 
Green, 1963).  Each cell type except Gli1-/-3-/- yielded an 
immortalized mouse embryonic fibroblast (iMEF) cell line.  
Each non-clonal line demonstrated a fibroblast-like mor-
phological appearance in monolayer culture but individual 
lines exhibited subtle morphological differences (Figure 1). 

FIGURE 1. GLI-NULL IMEF MORPHOLOGY IN 2-D CELL CULTURE
Indicated iMEFs were grown to confluence in monolayer culture and 

imaged at 40x magnification. 

This may be due to the heterogeneous origin of  the primary 
MEFs or as a result of  chronic Gli deficiency but suggests 
that these cell lines may not be well-suited for studies of  tissue 
specific biological function. Each iMEF line was determined 
to be tetraploid by flow cytometry analysis (data not shown). 

Characterization of iMEF transcriptional 

Hh responsiveness

We next tested whether iMEF lines recapitulate the unique 
Hh-ligand mediated transcriptional responses of  primary Gli 
null MEFs.  iMEFs were treated ± Shh ligand and Hh tar-
get gene expression was determined by real time RT-PCR.   
Figure 2A shows the expression of  Ptch1 following stimulation 

FIGURE 2. TRANSCRIPTIONAL HH-RESPONSIVENESS OF GENERATED IMEFS 
 Indicated iMEFs were plated at confluence and treated ± Shh li-

gand.  After 24 hrs, expression of Ptch1 was determined by Real-Time 

RT-PCR.  

(A)  Basal and Shh-induced expression of Ptch1. Values represent the 

mean ± SEM of 3-5 replicate experiments, * indicates P≤0.05 (paired 

t-test).  

(B) Ptch1 expression plotted as fold induction (Shh/Veh).  Values 

represent the mean ± SEM of three replicate experiments. The letters 

above the bars denote the groups produced by the ANOVA pair-wise 

differences. Genotypes sharing a letter are not statistically signifi-

cant at p≤0.05.



67

with Shh or vehicle and Figure 2B shows the fold induction 
(Shh/Veh) of  Ptch1 expression.  Gli3-/- iMEFs demonstrated 
elevated basal and Shh-induced expression of  Ptch1.  Shh li-
gand stimulation induced Ptch1 expression in each iMEF line 
except that lacking expression of  both Gli2 and Gli3, which 
are essential for a transcriptional Hh response. Ptch1 induc-
tion was reduced in Gli2-/- iMEFs relative to WT.  While loss 
of  Gli1 had no effect on Ptch1 induction, the combined loss 
of  Gli1 and Gli2 further decreased Ptch1 induction relative 
to iMEFs lacking Gli2 alone.  Gli1, Gli2 and Gli3 expression 
was not detectable in corresponding null cell types (data not 
shown).

Characterization of non-transcriptional Hh 

responsiveness 

While Hh signaling effects are thought to be primarily 
exerted through transcriptional regulation, a novel pathway 
was recently identified that is Smo-dependent but does not 
require transcription (Bijlsma et al., 2007; Bijlsma et al., 2008). 
This alternative pathway triggers cytoskeletal rearrangement, 
driving a migratory response toward Hh-ligand.
 When activation of  this pathway was investigated 
in wild type, Gli1-/-2-/-, and Gli2-/-3-/- iMEF cells by allowing 
them to migrate to 2 μg/ml Shh, migration was observed for 
all iMEF cell lines used (Figure 3A, pooled data from several 
experiments in B). Remarkably, an enhanced migration to 
Shh was observed for the knock-out cells (Gli1-/-2-/- and Gli2-

/-3-/-) that inversely correlated with the transcriptional Hh-re-
sponsiveness of  the different cell lines (Figure 2). This cor-
relation might be explained by competition for Hh pathway 

components by the two different pathways, or in other words; 
in the absence of  transcriptional Hh-sensing machinery, more 
resources might be available to a cell to respond to Shh non-
transcriptionally. 
 As several studies have demonstrated that the Hh 
signaling transcriptional response is mediated through Gli2 
and Gli3, meaning that the Gli2-/-3-/- iMEF cells are not 
capable of  any transcriptional Hh-response (Buttitta et al., 
2003; Lipinski et al., 2006; McDermott et al., 2005), the 
observed migration confirms that the migratory response to-
wards Hh-ligand is indeed independent of  Gli transcription 
factor activity. More important to the scope of  the presented 
study however, is that the observed migration data prove that 
the iMEFs have functional Hh-sensing machinery and that 
the diminished Hh-responsiveness is due to the absence of  Gli 
proteins, rather than ablation of  the Ptch1/Smo receptor pair 
or other artifacts. 

Stable over-expression of Hh components 

drives constitutive pathway activation 

Indefinite propagation potential of  immortalized cells al-
lows for retroviral-mediated stable expression of  vectors for 
gene-knockdown or over-expression.  Here, we generated 
WT iMEFs with stable over-expression of  several pathway 
components and examined target gene expression.  We found 
that iMEFs over-expressing mShh, mGli1, or constitutively 
active forms of  Gli2 (ΔnGli2) or Smo (Smo*) demonstrated 
increased expression of  Ptch1 relative to iMEFs expressing 
only GFP (Fig. 4).  This demonstrates that over-expression of  
pathway components at multiple levels including ligand and 

FIGURE 3. NON-TRANSCRIPTIONAL HH-RESPONSIVENESS OF THE GENERATED IMEFS  
(A) Example of a migration assay using wild type (Gli3

+/+
), Gli1

-/-
2

-/-
 and Gli2

-/-
3

-/-
 iMEFs in a Transwell system with 2 μg/ml Shh as chemoat-

tractant. No-attractant condition was subtracted and migration starting points were set to t=0. Robust migration was observed for all cell 

lines. 

(B) Total migration data from several experiments as performed for A. pooled and expressed as fraction of wild type iMEF migration (Gli3
+/+

, 

set to 1, n=5).
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transcription factor is sufficient to drive constitutive pathway 
activity.
 The presence of  the complete family of  Gli genes 
in most Hh ligand-responsive cell models mitigates their  
utility in investigations of  molecular regulation and biological  
activity of  the individual Gli transcription factors.  The bat-
tery of  Gli-null iMEFs described here should prove a useful 
tool in a wide range of  the Hh signaling field.  These iMEF 
cell lines have been distributed to several investigators for a 
wide range of  purposes including; studies of  transcriptional 
co-regulators and Gli-binding partners; chemical pathway 
inhibitor site of  action studies; α−Gli antibody specificity 
studies; and several studies of  Gli dependence in specific Hh-
related biological function.

Materials and Methods

Cell immortalization 

Primary MEFs were grown as described previously (Lipinski et al., 
2006) in 10% fetal calf  serum (FCS) (DMEM [with L-glutamine, 
4.5 g/L glucose, without sodium pyruvate] with 1% Pen/Strep 
and propagated following the 3T3 protocol for spontaneous  
immortalization (Todaro and Green, 1963).  Cells were plated at 
3 x 105 cells /ml media in 60 mm plates and passed at three day 
intervals.  After 8-12 passes, proliferation rates decreased and cells 
were allowed to grow to confluence before subsequent passing.  After 

15-25 passes, proliferation rates increased, suggesting spontaneous 
immortalization.  Following, cells were grown for an additional 10-
12 passes to ensure stable immortalization. 

Generation of stable over-expresser cell lines by 

retroviral  gene delivery 

A pIRES shuttle vector  carrying coding sequences for hShh, hGli1, 
ΔnGli2, hSmo* and independently translated GFP  was used to  
retrovirally infect WT iMEFs.  iMEFs were plated at subconfluence 
in DMEM with 10% FCS 100mm plates.  Cells were then incubated 
with viral-conditioned media at 4°C for 6 hrs.  Following a 72 hr 
propagation period, GFP-sorting was used to isolate over-expressing 
populations.  

Cell treatment 

Cells were plated in Multiwell Primaria™ 24 well plates (Falcon, 
Franklin Lakes, NJ) at 2.0 x 105 cells per well in 400 μl media. 
Cells were allowed to attach overnight and media were replaced 
with DMEM containing 1% FCS ± 1nM octylated Shh peptide 
(Curis/Genentech).  At 24 hrs RNA was harvested and gene expres-
sion was determined by real time RT-PCR as described (Lipinski 
et al., 2006) using gene specific primers as listed: GAPDH: 5’- 
AGCCTCGTCCCG TAGACAAAAT -3’ and 5’- CCGTGAGTG 
GAGTCATACTGGA -3’, Ptch1: 5’- CTCTGGAGCAGATTTC-
CAAGG -3’ and 5’- TGCCGCAGTTCTTTTGAATG -3’, Gli1: 5’- 
GGAAGTCCTATTCACGCCTTGA -3’ and 5’- CAACCTTCTT-
GCTCACACATG TAAG -3’, Gli2: 5’- CCTTCTCCAATGCCT 
CAGAC -3’ and 5’- GGGGTCTGTGTACCT CTTGG -3’, Gli3: 
5’- AGCCCAAGTATTATT CAGAACCTTTC -3’ and 5’- ATG-
GATAGG GATTGGGAATGG -3’.

Migration assay

Cells were grown to 70% confluence in 6-well plates and labeled with 
10 μM CellTracker Green (Invitrogen) in serum-free medium for 1h. 
The dye was fixed by adding 10% FCS for 1h, and subsequently cells 
were washed and detached with 5 mM ethylenediaminetetraacetic 
acid (EDTA) in PBS. After complete detachment, cells were 
resuspended in serum-free medium, pipetted through a 70 μM cell 
strainer (BD Falcon, Franklin Lakes, NJ), transferred to 8 μM pore 
size HTS FluoroBlok Cell Culture Inserts from BD Falcon which 
were inserted in fitting 24-wells plates in which various attractant-
containing media were present. Promptly, fluorescence values 
representing the number of  cells on the bottom side of  the insert 
were read 4 times every 2 min on a Series 4000 CytoFluor Multi-Well 
Plate Reader (Perseptive Biosystems, Framingham, MA). The raw 
fluorescence data were corrected for background fluorescence. No-
attractant controls were subtracted at each measured time point 
to correct for any effects not due to active migration to the chosen 
attractant. Migration start points were set to zero. For comparison of  
the different cell lines from multiple experiments, total migration of  
wild-type cells was set to one. 

FIGURE 4. STABLE OVER-EXPRESSION OF SEVERAL HH COMPONENTS DRIVES 
CONSTITUTIVE PATHWAY ACTIVITY 
WT iMEFs were infected with retrovirus encoding, hShh-GFP, hGli1-

GFP, ΔnGli2*-GFP, hSmo*-GFP or an empty GFP IRIS vector.  Stable 

over-expressor cell lines produced by GFP sorting were plated at 

confluence.  Following 24 hrs, expression of Ptch1 was determined by 

Real-Time RT-PCR.  Values represent the mean ± SEM of three repli-

cate experiments. *indicates P≤0.05 (paired t-test) vs. GFP iMEFs.
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Statistical analysis 

Statistical significance of  data presented in Figures 2A and 4 was 
determined by paired t-tests.  For data presented in Figure 2B, dif-
ferences in fold inductions across genotypes were examined by a 
one-way analysis of  variance (ANOVA). If  overall differences were 
found, as judged by P < 0.05, pair-wise comparisons were exam-
ined (Fisher’s LSD). All reported P-values are two-sided. SAS ver-
sion 9.1.3 for Windows (SAS Institute, Cary, NC) was used for the 
analysis. 
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