


Figure 3.5: IKBKE requirement in KRAS induced Pancreatic Tumorigenesis

(A) Immunohistochemistry for IKBKE protein levels in wild type mouse pancreas
(i), and P48Cre;LSL-Kras®1?P mouse pancreas in PanIN1 (ii), PanIN2 (iii), PanIN3
(iv) stage precursor lesions, and full blown Adenocarcinoma (v). IKBKE is not
expressed in wild type pancreas but is expressed at increasing levels with
increasing severity of pancreatic neoplasms. (B) Western blot showing IKBKE
levels in pancreas of 12 month old P48Cre;LSL-Kras®2P and P48Cre;LSL-
Kras®12D;|kbke” mice. IKBKE is not expressed in pancreas from P48Cre;LSL-
Kras®12D;|kbke” mice but is expressed in P48Cre;LSL-Kras®2P mice. (C-E)
Representative H&E staining images of pancreas of 3 month old (C), 6 month old
(D), and 12 month old (E) P48Cre;LSL-Kras®12P mice. (F-H) Representative H&E
staining images of pancreas of 3 month old (C), 6 month old (D), and 12 month old
(E) P48Cre;LSL-Kras®12D;lkbke” mice. (I-K) Quantification of grade of PanIN
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lesions in age matched P48Cre;LSL-Kras®1?P and P48Cre;LSL-Kras®12D;lkbke’
mouse pancreas at ages 3 months (l), 6 months (J), and 12 months (K).
Comparison of age matched pancreas indicates significantly delayed initiation and
progression of pancreatic neoplasms in P48Cre;LSL-Kras®12DP;|kbke”’- mice
compared to P48Cre;LSL-Kras®2P mice. (L) Immunohistochemistry for Ki67 in
stage matched pancreas of P48Cre;LSL-Kras®12P (i, iii, v), and P48Cre;LSL-
Kras®12b;|kbke (ii, iv, vi) mice. (M) Quantification of Ki67 positive cells in PanIN1
(i), PanIN 2 (ii), and PanIN3 (iii) lesions of P48Cre;LSL-Kras®'? and P48Cre;LSL-
Kras®12D;|kbke’- mouse pancreas. Significantly less number of Ki67 positive cells
in PanIN lesions of P48Cre;LSL-Kras®12D;lkbke”- mice compared to P48Cre;LSL-
Kras®12D;|kbke” mice indicates decreased number of proliferative cells. Error bars
represent Standard Deviation. Statistical significance was determined using a
Student's two-tailed t-test. * P<0.05; ** P<0.01
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IKBKE is a direct transcriptional target of GLI, and mediates feedback

regulation of GLI activity

As we initially identified IKBKE as a potential GLI target gene in a PDAC cell
microarray, we decided to further explore the relationship between GLI and IKBKE.
Consistent with our gene expression data, inhibition of GLI transcriptional activity
using either the GIi3T repressor, or shRNA mediated knockdown of GLI1 in Panc-
1 cells led to a significant decrease in IKBKE but not TBK1 mRNA levels (Figure
3.6A), thus implicating IKBKE but not TBK1 as a GLI target gene. Furthermore,
when we compared mRNA expression levels of IKBKE vs GLI1 in human PDAC
patient samples, we found a very strong correlation (R = 0.79, P<0.0001) between

the expression of the two genes (Figure 3.6B).

In order to test whether IKBKE was a direct transcriptional target of GLI, we
conducted chromatin immunoprecipitation on Panc-1 cells expressing a Flag-
tagged version of Gli3T. We found significant enrichment of the IKBKE promoter
region in the ChiPed samples, as well as enrichment of the promoter region of
PTCH1, which is a known target gene (Figure 3.6C). Sequence analysis of the
IKBKE promoter region revealed the existence of a candidate GLI binding site
(GACTTCCCA), which carries a 2 base-pair mismatch to the GLI consensus
sequence GACCACCCA, 130 bp upstream of the transcriptional start site in the
IKBKE promoter. In order to test whether GLI regulates transcription of IKBKE by
binding to its promoter, we cloned the IKBKE promoter region ~300 bp upstream

of the start site, in a PGL3 luciferase reporter construct. In order to test the
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specificity of the candidate GLI binding site, we also generated a mutant version
of the construct in which the candidate GLI| binding site was mutated to
“‘GGCGCGCCLC". We then conducted a luciferase assay in Panc-1 cells with both
versions of the IKBKE-promoter luciferase, as well as Gli-BS luciferase, which
carries an 8x GLI binding site upstream of a luciferase reporter. We found that in
response to the GIi3T repressor, relative expression of the Gli-BS luciferase, and
luciferase with the IKBKE promoter was significantly downregulated. However, no
significant difference was seen in expression of the IKBKE promoter luciferase
carrying the mutant GLI binding site, in response to the GIli3T repressor (Figure
3.6D). These findings indicate that GLI can regulate transcription of IKBKE by
binding to its promoter region, and that mutation of the GLI binding site ablates GLI

regulation of IKBKE transcription.

Although GLI transcriptional activity has been shown to be important in pancreatic
cancer, the upstream regulation of GLI activity in PDAC has not been well
characterized. In the context of PDAC, it is known that GLI acts independently of
its canonical upstream regulators Hedgehog, PTCH1, and SMO'#3, however,
regulation of GLI at the post-translational level is not well studied, although both
GLI1 activity and localization has been shown to be regulated in other cellular
contexts'67.168.169  Here, we further explored the potential role of IKBKE in the
regulation of GLI. We found that in Panc-1 cells, shRNA mediated knockdown of
IKBKE led to a significant decrease in mRNA levels of the GLI target genes GLI1,

FOXA2, and PTCH1 (Figure 3.6E). Pancreas of P48Cre;LSL-Kras®12P:lkbke’ mice
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showed considerably lower levels of mMRNA of the GLI target genes compared to
P48Cre;LSL-Kras®1?D mice (Figure 3.6F). These findings suggest that IKBKE
plays a role in regulation of GLI transcriptional activity. As GLI1 is a shuttling
protein, and the activity of GLI1 is regulated by the subcellular localization of the
protein'®”, we tested the role played by IKBKE in regulation of subcellular
localization. We ectopically expressed a GFP-fusion version of GLI1 in 293T cells
to visualize the localization of the protein. We found that when expressed
ectopically, the Gli1-GFP was localized mostly to the cytoplasm in punctate
structures (Figure 3.6G-i,iv). However, when we ectopically expressed wild type
IKBKE, but not a kinase-dead version of IKBKE (K38A), the GIli1-GFP proteins
IKBKE kinase activity promotes nuclear translocation of GLI1. To further test the
role played by IKBKE in regulating GLI activity and localization, we utilized a
mutant version of GLI1 (Gli1-AHA) that is constitutively localized to the nucleus’®”.
In 293T cells, we found that co-expression of IKBKE, but not IKBKE-K38A led to a
synergistic increase in the transcriptional activity of GLI1, as measured by GIi-BS
luciferase expression (Figure 3.6H). However, co-expression of IKBKE or IKBEK-
K38A did not significantly affect the activity of Gli1-AHA. As Gli1-AHA is
constitutively localized to the nucleus, unlike wild type GLI1 which shuttles
between the nucleus and cytoplasm, our results indicate that IKBKE regulates GLI

activity primarily by regulating nuclear localization of the protein. Taken together,
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our findings point to a potential reciprocal interaction between IKBKE and GLI

downstream of KRAS in PDAC cells.
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Figure 3.6: Reciprocal GLI-IKBKE Signaling in Pancreatic Ductal
Adenocarcinoma

(A) Quantitative RT-PCR in Panc-1 cells showing GLI1, IKBKE, and TBK1 mRNA
expression after inhibition of GLI activity using a dominant negative GLI (Gli3T), or
an shRNA targeting GLI1. While GLI1 and IKBKE expression is decreased upon
inhibition of Gli activity, TBK1 expression is unchanged. (B) Correlation of GLI1
and IKBKE mRNA expression in 229 human PDAC tissue samples. Pearson
coefficient R value of 0.79 indicates high degree of correlation between GLI1, and
IKBKE expression in the tumors.(C) Quantitative PCR of DNA enriched using ChIP
against Flag-tag in Panc-1 cells infected with GIi3T-Flag indicates significant
enrichment of IKBKE promoter region as well as the promoter of a known GLI
target gene (PTCHL1). (D) Relative luciferase activity in Panc-1 cells of GIi-BS
Luciferase, IKBKE promoter luciferase containing the GLI binding site in IKBKE
promoter cloned in a luciferase reporter, and IKBKE promoter carrying a mutated
GLI binding site cloned in a luciferase reporter. While activity of Gli-BS luciferase,
and IKBKE promoter luciferase is significantly decreased in response to inhibition
using dominant-negative Gli3T, the activity of IKBKE promoter mutant luciferase is

93



relatively unchanged. (E) Quantitative RT-PCR indicates that GLI target gene
expression in Panc-1 cells is significantly decreased in response to shRNA
mediated knockdown of IKBKE. (F) Quantitative RT-PCR in tissue samples
indicates significantly reduced GLI target gene expression in 6 month old
P48Cre;LSL-Kras®1?D;lkbke’- mouse pancreas compared to age-matched
P48Cre;LSL-Kras;®12D pancreas. (G) Subcellular localization of a Gli1-GFP fusion
gene transfected in 293T cells with (i-iii) and without (iv-vi) over lay with DAPI.
While Gli1 is localized mainly in the cytoplasm without IKBKE expression (i, iv),
IKBKE expression drives nuclear localization of GLI1 (ii, v). Expression of a kinase-
dead version of IKBKE (K38A) causes cytoplasmic retention of GLI1 (iii, vi). (H)
Co-expression of IKBKE with GLI1 synergistically increases GLI transcriptional
activity as measured by GIli-BS Luciferase expression in 293 cells. IKBKE
expression has no effect on the activity of Gli1-AHA, a mutant form of Gli1 that is
constitutively localized to the nucleus. Kinase-dead version of IKBKE can inhibit
transcriptional activity of GLI1 but not Gli1-AHA. Error bars represent Standard
Deviation. Statistical significance was determined using a Student's two-tailed t-
test. * P<0.05; ** P<0.01
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Regulation of NF-kB signaling by IKBKE

IKBKE was initially identified as an IkB kinase involved in regulation of NF-kB
signaling’°. As NF-kB signaling has been implicated in pancreatic cancer*4’3, and
as the oncogenic activity of IKBKE has been linked to its ability to activate NF-kB
in other cancers'62165 we tested the role played by IKBKE in NF-kB activation in
the context of PDAC. We found that while in a p65 luciferase assay in 293T cells
IKBKE can strongly activate NF-kB signaling in an IkB dependent manner (Figure
3.7A), shRNA mediated knockdown of IKBKE in Panc-1 PDAC cells leads to only
a modest downregulation of known NF-kB target genes (Figure 3.7B). Also, we do
not see a significant downregulation of NF-kB target gene mRNA levels in
pancreas of P48Cre;LSL-Kras®12bi|kbke’- mice compared to P48Cre;LSL-Kras®12b

mice (Figure 3.7C).

Nuclear localization of the NF-kB subunit p65 is a marker for NF-kB pathway
activation, and IKBKE is known to drive p65 nuclear translocation through
inactivation of IkB. To test NF-kB pathway activation, we used immunoblotting to
compare the levels of p65 in nuclear and cytoplasmic fractions of Panc-1 cells after
shRNA mediated knockdown of IKBKE. We found that while IKBKE knockdown
led to a modest decrease in levels of p65 in the nuclear fraction (Figure 3.7D),
significant amounts of p65 was still present in the nucleus, which may account for
the sustained NF-kB target gene expression after IKBKE knockdown. In order to
study the relationship between NF-kB pathway activation and IKBKE protein levels

in patients, we conducted immunohistochemistry for p65, and IKBKE on a tissue
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microarray of human PDAC samples. p65 localization in the tumor samples was
classified either as predominantly nuclear, or predominantly cytoplasmic. Staining
intensity for IKBKE protein in tumors was graded as either low, medium, or high.
Analysis of p65 localization vs IKBKE protein levels was conducted for each
sample and a Pearson correlation was obtained between the two. Analysis
revealed a lack of significant correlation between p65 localization and IKBKE

protein levels (R=0.16, P>0.05, N=62) in the tumor samples (Figure 3.7E-F).

Furthermore, we compared subcellular localization of p65 in stage-matched PanIN
lesions of P48Cre;LSL-Kras®12D;lkbke’- and P48Cre;LSL-Kras®12P mice using
immunohistochemistry. We found that even with Ikbke knockout, nuclear p65 was
present in the PanIN lesions and there was no significant difference in nuclear
localization of p65 between lesions of P48Cre;LSL-Kras®12Plkbke’ and
P48Cre;LSL-Kras®12P mice (Figure 3.7G-I). Our findings indicate that while IKBKE
is capable of regulating the NF-kB pathway, in the context of PDAC it contributes
only modestly to NF-kB regulation, since significant amount of NF-kB pathway
activity is still maintained upon IKBKE loss. This also indicates that IKBKE
oncogenic activity in the context of pancreatic cancer may be mediated by NF-«kB

independent mechanisms.
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Figure 3.7: Regulation of NF-kB activity by IKBKE

(A) NF-kB luciferase activity in 293T cells is significantly increased in response to
IKBKE ectopic expression. IKBKE activation of NF-kB activity can be inhibited by
a dominant negative version of IkB suppressor. (B) Quantitative RT-PCR shows
that NF-kB target gene mRNA expression in Panc-1 cells is modestly
downregulated in response to shRNA mediated knockdown of IKBKE. (C)
Quantitative RT-PCR of NF-kB target gene mRNA expression in pancreas of 6
month old P48Cre;LSL-Kras®2b, and P48Cre;LSL-Kras®12D;|kbke’ mice. No
significant decrease in NF-kB target gene expression is seen in response to
knockout of Ikbke in mice. (D) Western blot showing RelA (p65) in nuclear and
cytoplasmic fractions of Panc-1 cells with and without shRNA knockdown of
IKBKE. PCNA and Tubulin are used as controls for nuclear and cytoplasmic
fractions respectively. No significant difference is seen in p65 subcellular
localization in response to IKBKE knockdown. (E) Representative images
comparing immunohistochemistry of IKBKE (i,ii) and p65 (iii, iv) in matched human
PDAC tissue samples. (F) Correlation between subcellular localization of p65 and
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IKBKE protein levels in 62 human PDAC samples. Pearson coefficient R = 0.15
does not indicate a significant correlation (P>0.05) between IKBKE protein levels
and subcellular localization of p65. (G-I) Immunohistochemistry for p65 in stage
matched PanIN lesions in P48Cre;LSL-Kras®1?0 (G), and P48Cre;LSL-
Kras©12b;|kbke’- (J) mouse pancreas. Quantification of p65 subcellular localization
(I) indicates no significant differences in nuclear vs cytoplasmic p65 in
P48Cre;LSL-Kras®12P and P48Cre;LSL-Kras®12P;lkbke”’ mouse PanIN lesions.
Error bars represent Standard Deviation. Statistical significance was determined
using a Student's two-tailed t-test. * P<0.05; ** P<0.01
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IKBKE regulates AKT activation in PDAC

As we found that NF-kB regulation may not account for IKBKE tumorigenicity in
the context of PDAC, we decided to evaluate alternative mechanisms through
which IKBKE may promote tumorigenesis. The PI3K/AKT signaling pathway is
known to act downstream of KRAS in PDAC, and play a critical role in
transformation, apoptosis evasion, and chemoresistance'#®'7'. We have also
found that GLI can regulate phosphorylation of AKT in pancreatic cancer cells'4,
Also, IKBKE is known to phosphorylate AKT in vitro and in cancer cells'’2. Here,
we decided to test whether IKBKE plays a role in regulation of AKT
phosphorylation in PDAC. We found that IKBKE knockdown in Panc-1 cells led to
a significant decrease in the phosphorylation of AKT but not ERK (Figure 3.8A),
and phospho-AKT levels were significantly decreased in the stage-matched PanIN
lesions of P48Cre;LSL-Kras®12D;lkbke’~ mouse pancreas compared to

P48Cre;LSL-Kras®12P mice (Figure 3.8C-F).

Normally, the mTORC2 complex is known to phosphorylate AKT at Serine-473 and
mediate AKT activation’®®. However, we found that in Panc-1 cells, basal level of
AKT phosphorylation at both Serine-473, and Threonine-308 was maintained even
after mTOR inhibition using the small molecule inhibitor Torin1 (Figure 3.8B).
Furthermore, this basal phosphorylation of AKT was significantly reduced following
knockdown of IKBKE in combination with mTOR inhibition. In order to test whether
the relationship between IKBKE expression and AKT phosphorylation in patients,

we conducted immunohistochemistry for IKBKE and phospho-AKT Serine-473 on
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a tissue microarray of human PDAC samples. We found a significant correlation
between IKBKE protein levels and AKT phosphorylation at Serine-473 in the tumor
samples (R=0.606, P<0.0001, N=62) (Figure 3.8G-H). Our findings suggest that

IKBKE may regulate AKT phosphorylation in PDAC both in vitro and in vivo.
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Figure 3.8: IKBKE activates AKT in Pancreatic Ductal Adenocarcinoma

(A) Western blot showing phosphorylation of AKT and ERK in serum starved Panc-
1 cells in response to shRNA mediated IKBKE knockdown. IKBKE knockdown
leads to decrease in phosphorylation of AKT at Serine-473, but not ERK
phosphorylation. (B) Western blot of Panc-1 cells with or without inhibition of
mTOR using Torin1, and shRNA mediated knockdown of IKBKE. Inhibition of
mTOR or IKBKE individually leads to decrease in phosphorylation of AKT at
Serine-473 and Threonine-308. Combined inhibition of mTOR and IKBKE leads to
synergistic inhibition of AKT phosphorylation at Serine-473 and Threonine-308. (C-
F) Immunohistochemistry for AKT phosphorylation at Serine-473 (C, D), and
Threonine-308 (E, F) in stage matched PanlIN lesions of P48Cre;LSL-Kras®¢'?P (C,
E), and P48Cre;LSL-Kras®120;lkbke”’- (D,F) mouse pancreas. P48Cre;LSL-
Kras®12D;|kbke” PanIN lesions have significantly reduced Akt phosphorylation
compared to P48Cre;LSL-Kras®12D |esions. (G) Correlation of IKBKE protein levels
and AKT Serine-473 phosphorylation levels in human PDAC tissue microarray.
Pearson coefficient of R=0.606 shows significant correlation (P<0.0001) between
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IKBKE protein levels and AKT phosphorylation. (H) Representative images of
immunohistochemistry for IKBKE (i-iii) and phospho-AKT Serine-473 in matched
human PDAC tissue samples. Significant correlation is seen between relative
IKBKE expression and AKT phosphorylation.
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IKBKE regulates AKT reactivation post-mTOR inhibition

While mTOR inhibitors have been approved for treatment of certain
malignancies'’3114.174 ' they have not been effective in the treatment of pancreatic
adenocarcinoma?2. One of the problems concerning the use of mTOR inhibitors in
the clinic is the reactivation of AKT post-inhibition of mTOR'%176 While
compensatory activation of upstream RTK signaling, and subsequent
phosphorylation of AKT at Threonine-308 has been shown to be a mechanism of
resistance to mTOR inhibition in breast cancer'’” the underlying mechanism of

resistance to mTOR inhibition in PDAC is not known.

When we treated Panc-1 cells with the mTOR inhibitor Torin1, we found that while
AKT phosphorylation at Serine-473 and Threonine-308 was inhibited 6 hours post-
treatment, phosphorylation at both the sites was subsequently restored in the
presence of serum 12 hours after treatment with the inhibitor (Figure 3.9A).
Phosphorylation of other mTOR targets S6K and 4EBP1 continued to be inhibited
even 24 hours after treatment, thus indicating that the reactivation of AKT
phosphorylation was mTOR-independent. These findings were in contrast to the
earlier findings in breast cancer cells'”” which showed reactivation of AKT
phosphorylation only at Threonine-308 but not Serine-473, thus suggesting that
the AKT reactivation in pancreatic cancer cells is mediated by a different
underlying mechanism. As we have found that IKBKE can phosphorylate at both
Serine-473, and Threonine-308, and maintain basal level of AKT phosphorylation

in the absence of MTOR, we decided to test the role of IKBKE in AKT reactivation.
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We found that shRNA mediated knockdown of IKBKE ablated the reactivation of
AKT post-inhibition of mTOR in Panc-1 cells (Figure 3.9B). Furthermore, we found
that while treatment with the mTOR inhibitor alone did not affect survival of PDAC
cells, knockdown of IKBKE sensitized Panc-1 cells to the mTOR inhibitor, and
IKBKE knockdown combined with mTOR inhibition led to a synergistic decrease in
cell viability (Figure 3.9C). Combined mTOR inhibition with IKBKE knockdown also
led to a significant increase in apoptosis as measured by cleaved-Caspase-3
staining (Figure 3.9D), and a decrease in tumorigenicity in Panc-1 cells as

measured by soft agar assay (Figure 6E).

As we have previously seen that GLI can regulate AKT phosphorylation in PDAC,
and we have found IKBKE to be a downstream mediator of GLI activity, we decided
to test the role played by GLI in AKT reactivation. We found that similar to the effect
of IKBKE knockdown, inhibition of GLI using a small molecule inhibitor Gant61 in
Panc-1 cells prevented reactivation of AKT post-inhibition of mMTOR (Figure 3.10A).
As Gant61 treatment leads to decrease in IKBKE mRNA levels along with those of
other Gli target genes (Figure 3.10B), the effect of Gant61 on AKT reactivation can
be attributed to its inhibition of GLI, and the subsequent transcriptional inhibition of
IKBKE. We also found that Gant61 treatment phenocopies the effect of combined
IKBKE and mTOR inhibition by sensitizing Panc-1 cells to Torin1, and combined
Gant61 and Torin1 treatment synergistically increases apoptosis, and decreases
tumorigenicity of the cells (Figure 3.10C-E). Our findings implicate combined

GLI/IKBKE signaling as playing a crucial role in reactivation of AKT post-mTOR
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inhibition. This AKT reactivation IKBKE may be responsible for resistance towards

mTOR small molecule inhibitors in PDAC.
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Materials and Methods
Mouse strains

P48Cre, and LSL-Kras®12P mouse strains have been described in Chapter Il. Ikbke-
I~ mice'®® were obtained from Jackson Laboratories. P48Cre;LSL-Kras®!2P;kbke"
mice were obtained via interbreeding P48Cre mice with LSL-Kras®12P;lkbke- mice.
All mouse experiments were performed according to the guidelines of IACUC at

University of Massachusetts Medical School.

Tissue collection and histology:

Upon euthanasia, pancreatic tissue was fixed in 4% (wt/vol) paraformaldehyde for
24 hours. For paraffin sections, tissue was dehydrated and embedded in paraffin
blocks and cut at a thickness of 6 ym. Paraffin sections were stained with
hematoxylin and eosin (H&E) using standard reagents and protocols. Human
PDAC tissue microarray was obtained from Shanghai Outdo Biotech.
Immunohistochemistry, immunofluorescence, and immunoblotting:

For immunohistochemistry, high-temperature antigen retrieval was conducted in
Sodium Citrate solution (pH 6.0) on paraffin sections for 30 minutes. Sections were
blocked in a buffer containing 5% (wt/vol) BSA and 0.1% (vol/vol) Triton X-100 in
PBS and then were incubated overnight at 4 °C in primary antibodies diluted in
blocking buffer. Primary antibodies used were: Ki67 (1:500, Abcam), phospho-
AKT (1:50, Cell Signaling), IKBKE (1:50, Santa Cruz) for mouse sections, IKBKE

(1:100, Sigma) for human sections, TBK1 (1:100, Cell Signaling), p65 (1:50, Cell
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Signaling), Amylase (1:800, Sigma), and Insulin (1:100, Abcam). Signal detection
was accomplished with biotinylated secondary antibodies in the Vectastain ABC
kit (Vector Labs). For immunofluorescence, primary antibodies used were:
Glucagon (1:3000, gift of Dr. Andrew Leiter, UMMS), Amylase (1:800, Sigma),
Insulin (1:100, Abcam).

For immunofluorescence, cells grown in 8 well chamber slides were fixed for 5
minutes in 4% paraformaldehyde, blocked in a buffer containing 5% (vol/vol) sheep
serum, 1% (vol/vol) FBS, and 0.1% (vol/vol) Triton X-100 in PBS for 1 hour, and
then incubated with primary antibody overnight. Cleaved-Capase-3 antibody
(1:400, Cell signaling) was used for apoptosis assay. Alexa Fluor fluorescent
conjugated secondary antibody (Invitrogen) was used for detection at a
concentration of 1:500 diluted in blocking buffer. Slides then were mounted in
mounting medium containing DAPI.

For immunoblotting, the primary antibodies used were FlagM2-HRP (1:1,000°
Sigma); B-Actin (1:1,000, Sigma); phospho-AKT S473 (1:1,000, Cell Signaling),
phospho-Akt T308 (1:1000, Cell Signaling), phospho-ERK (1:1,000, Cell
Signaling); total AKT (1:1,000, Cell Signaling); Total ERK (1:1,000, Cell Signaling);
IKBKE (1:1,000; Sigma), TBK1 (1:1000, Cell Signaling), phospho-S6K (1:1000,
Cell Signaling), phospho-4EBP1 (1:1000 Cell Signaling), p65 (1:1000 Cell
Signaling), PCNA (1:1000 Abcam), B-Tubulin (1:1000 Cell Signaling), and Myc
(1:1,000; Developmental Studies Hybridoma Bank). HRP-conjugated secondary

antibodies used for detection were obtained from Jackson Laboratories.
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Cell proliferation, apoptosis and soft-agar assays:

Cell proliferation, apoptosis, and soft-gar assays were conducted as described in
Chapter II.

Lentiviral shRNA knockdown and rescue experiments:

Cells were infected with pLKO-based lentiviruses encoding shRNAs targeting
human  Gli1 (shGLI1#1:  CATCCATCACAGATCGCATTT;  shGLI1#2:
GCTCAGCTTGTGTGTAATTAT), human KRAS (shKRAS:
GAGGGCTTTCTTTGTGTATTT) human TBK1 (shTBK1#1:
GCAGAACGTAGATTAGCTTAT; shTBK1#2:

GCGGCAGAGTTAGGTGAAATT) and human IKBKE (shIKBKE#1:
TGGGCAGGAGCTAATGTTTCG; shIKBKE#2:
GAGCATTGGAGTGACCTTGTA). Infected cells were selected in 5 pg/mL
puromycin for 4 days prior to conducting assays.

Luciferase reporter analysis:

GliBS-Luc was described in Chapter Il. NF-kB luciferase (p65-Luc) was a gift from
Dr. Francis Chan (University of Massachusetts Medical School, Worcester, MA).
Reporters were co-transfected with Renilla expression plasmids, and expression
vectors for Gli3T, IKBKE, IKBKE K38A, IkB or Gli1-AHA using lipofectamine. For
Gli1 knockdown, the cells were cotransfected with shRNAs targeting GLI1 along
with NF-kB luciferase and Renilla expression plasmids. For Gant61 treatment, the

Panc1 cells were co-transfected with NF-kB reporter and Renilla Luciferase and
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then were treated with 5 yM or 10 uM Gant61 6 hours after transfection. IKBKE
promoter luciferase was generated by cloning a 300 bp region upstream of the
human IKBKE transcription start site into a PGL3 luciferase vector. Luciferase
assays were conducted 48 hours after transfection using the dual-luciferase
reporter kit (Promega). Assays were conducted in triplicate.

Quantitative RT-PCR:

cDNA synthesis was conducted using Invitrogen SuperScript Il kit. Primers used
for qRT-PCR were human IKBKE (forward: 5'-TGCGTGCAGAAGTATCAAGC-3';
reverse: 5-TACAGGCAGCCACAGAACAG-3'); mouse Ikbke (forward: 5'-
GCGGAGGCTGAATCACCAG-3" human GAPDH (forward: 5'-
ATGGGGAAGGTGAAGGTCG-3'; reverse: 5-GGGGTCATTGATGGCAACAATA-
3'); mouse Gapdh (forward: 5-AGGCCGGTGCTGAGTATGTC-3"; reverse: 5'-
TGCCTGCTTCACCACCTTCT-3"); human GLI1 (forward: 5'-
CCAGCGCCCAGACAGAG-3; reverse:5-GGCTCGCCATAGCTACTGAT-3");
mouse Glil (forward: 5-GTCGGAAGTCCTATTCACGC-3'; reverse: 5'-
CAGTCTGCTCTCTTCCCTGC-3"; human PTCH1 (forward: 5'-
CCACAGAAGCGCTCCTACA-3"; reverse 5-CTGTAATTTCGCCCCTTCC-3');
mouse Ptcl (forward: 5-AACAAAAATTCAACCAAACCTC-3 'reverse: 5'-
TGTCTTCATTCCAGTTGATGTG-3"); human IL1A (forward:
ATCATGTAAGCTATGGCCCACT; reverse: CCTTCCCGTTGGTTGCTACTA),
mouse llla (forward: 5- TCTATGATGCAAGCTATGGCTCA-3’; reverse: 5'-

CGGCTCTCCTTGAAGGTGA-3); human TNFA (forward:
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CCTCTCTCTAATCAGCCCTCTG; reverse: GAGGACCTGGGAGTAGATGAG),
mouse Tnf (forward: 5- CAGGCGGTGCCTATGTCTC-3’; reverse: 5'-
CGATCACCCCGAAGTTCAGTAG-3); human BCL2L1 (forward:
CTGCTGCATTGTTCCCATAG-3’; reverse: 5-TTCAGTGACCTGACATCCCA-3’),
mouse Bcl2I1 (forward: 5- ACATCCCAGCTTCACATAACCC-3’; reverse: 5'-
CCATCCCGAAAGAGTTCATTCAC-3); human BCL2 (forward: 5'-
ATGTGTGTGGAGAGCGTCAA-3’; reverse: 5-CGTACAGTTCCACAAAGGCA-
3’); and mouse Bcl2 (forward: 5-GCTACCGTCGTGACTTCGC-3’; reverse: 5'-
CCCCACCGAACTCAAAGAAGG-3’). All gPCR assays were conducted in

triplicate.

Nuclear and cytoplasmic fractionation

For nuclear and cytoplasmic fractionation, Panc-1 cells were infected either with
shIKBKE#1, or with an shRNA targeting GFP, and selected with puromycin for 4
days. Nuclear and cytoplasmic fractions were separated using a kit from G
Biosciences according to manufacturer’s protocol.

Gli1 subcellular localization

293T cells seeded in an 8 well chamber slide were co-transfected with a human
GLI1 expression vector fused to a C-terminal GFP-tag, along with either an IKBKE
expression vector, IKBKE-K38A expression vector, or a control vector. The cells
were fixed in 4% paraformaldehyde and mounted with a mounting medium

containing DAPI 48 hours after transfection.
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Chapter IV: DISCUSSION
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GLI requirement in KRAS induced pancreatic tumorigenesis

Although significance of known effectors of KRAS such as PI3K/AKT, and
RAF/MEK/ERK has been well characterized in PDAC®, effectors of KRAS
downstream signaling at the transcriptional level remain elusive. Crosstalk
between the Sonic Hedgehog pathway, and KRAS signaling has been
reported’#2.13%_ While previous reports had implicated the transcription factor GLI1
as a potential effector of KRAS in human cell lines, an in vivo requirement for GLI

transcriptional activity in PDAC had not been established 3.

Here, using a dominant repressor allele of GLI3 (GIi3T), that inhibits all GLI
mediated transcriptional activation, we demonstrate for the first time that GLI
transcriptional activity in the epithelium is specifically required for pancreatic tumor
formation in vivo, although it is dispensable for normal pancreatic development. To
achieve this, we used a mouse model of pancreatic transformation with oncogenic
KRAS activation in the pancreas, that models pancreatic neoplasia initiation and
progression, as well as a model of pancreatic adenocarcinoma with p53
inactivation in combination with oncogenic KRAS (KPC model). We find that GLI
inhibition prevents formation of early PanIN lesions even in the presence of
oncogenic KRAS, thus indicating that GLI transcriptional activity is required for
pancreatic tumor initiation. Our in vivo findings are further supported by in vitro
experiments which show that Gli3T expression can prevent oncogenic KRAS
induced proliferation in pancreatic ductal epihelial cells (PDECs), and also

abrogate KRAS mediated survival of these cells in response to Cyclohexamide
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treatment'8, Together, these data suggest that GLI transcriptional activity plays

an essential role in mediating transformation of the pancreatic epithelium.

Furthermore, we find that GLI inhibition significantly extends survival in a mouse
model of pancreatic adenocarcinoma (KPC model). Although mice carrying the
GIi3T transgene still developed tumors, isolation of cells from tumors that arise
from the mice carrying the GIi3T allele showed that the cells failed to undergo
recombination and do not express Gli3T. This indicates that the tumors that were
developed with delayed latency in these mice arose from a population of cells that
was deficient in Gli3T, thus highlighting the importance of GLI transcriptional

activity in pancreatic tumorigenesis.

Our findings implicate GLI as essential not only for the initiation of pancreatic
transformation, but also for progression to full blown Adenocarcinoma. In addition
to the in vivo mouse models, we also show that GLI transcriptional activity is
required for tumorigenicity of human PDAC cell lines in vitro. Together, our data
implicates GLI as an oncogenic effector of KRAS required for pancreatic
tumorigenesis, and provides proof of concept for therapeutic targeting of GLI in

PDAC.

A caveat of our loss of function model was the use of a dominant-negative
repressor allele of GLI to inhibit transcriptional activity, instead of genetic ablation
of the GLI proteins. GLI1 and GLI2 are known to have overlapping functions in

various contexts'®, and Gli1”-;Gli2"- mice have severe developmental defects'’8,
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which necessitated the use of a conditional dominant-negative repressor in our
model. While the possibility of the Gli3T repressor having some off-target effects
cannot be excluded, our in vitro studies indicate that repression of GLI activity by
Gli3T is specific (Fig. 2.1), and we find that the in vitro effect of Gli3T induced
repression can be replicated by shRNA mediated knockdown of GLI1 and also
treatment with the GLI small molecule inhibitor Gant61, which supports our
conclusions. However, another more robust approach to test our findings further
would be to develop a conditional knockout allele of Glil, and combine it with Gli2
conditional knockout to specifically delete both Glil and Gli2 in the pancreatic

epithelium in the background of oncogenic Kras.

GLI1/2/3 in pancreatic transformation:

While our loss of function model establishes the requirement for GLI transcriptional
activity in pancreatic tumorigenesis, the Gli3T allele acts as a dominant negative
repressor for all the GLI transcription factors, and hence does not distinguish
between the role played by individual GLI proteins. In order to study the role of
individual GLI transcription factors in PDAC, we utilized an allele of wild type Glil,
and an N-terminal truncated allele of Gli2 (Gli2AN) knocked into the Rosa26 locus.
The N-terminal truncated version of GLI2 was used because unlike GLI1, GLI2
carries a repressor domain at the N-terminal which suppresses GLI2 activator
function. We also utilized a conditional knockout allele of Gli3 (Gli3") to test the
role played by the Gli3 repressor in pancreatic transformation, which has

previously not been studied.
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Our findings suggest that the activation of GLI1 or GLI2 alone, in the absence of
oncogenic KRAS is not sufficient to initiate pancreatic transformation, and mice
with GLI1/2 activation in the pancreatic epithelium have largely normal pancreatic
architecture and differentiation. These findings are in contrast to an earlier report
that showed that GLI2 activation alone was sufficient to drive formation of
undifferentiated tumors in the pancreas'3°. However, this difference in phenotype
may be explained by a difference in the design of the two studies. In our
experiment, the Ptfla (P48) promoter was used to drive expression of Cre, which
is expressed later on in the pancreatic progenitor cells compared to the Pdx1l
promoter used in the other study'7%180_ Also, the Gli2 transgene used in our study
was expressed from the Rosa26 locus, whereas the Gli2 allele used in the other
study (Cleg2) was expressed under the control of the CAGGS promoter, a highly
active hybrid CMV/B-Actin promoter. Differences in expression levels of GLI2 may
account for the difference in phenotype seen in our studies. This possibility can be

tested by comparing expression levels of GLI2 in the two different models.

While GLI1/2 activation alone is not sufficient to drive pancreatic tumorigenesis,
we find that both GLI1 and GLI2 can cooperate with oncogenic KRAS in pancreatic
transformation. Ectopic expression of either GLI1 or GLI2AN in the pancreatic
epithelium led to the accelerated formation of advanced PanIN lesions in mice.
While mice with oncogenic KRAS expression in pancreas develop PanIN lesions,
at the age of 2 months most of the pancreas display normal architecture with only

a few low grade PanlIN lesions. In contrast, we found that GLI1 or GLI2AN ectopic
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expression in combination with oncogenic KRAS led to the formation of advanced
PanIN3 grade lesions at the age of 2 months. Most of these mice did not survive
past 2 months of age, in contrast to mice with oncogenic KRAS activation alone,

which lived past 12 months, thus indicating a dramatically reduced survival.

We also observed a high degree of desmoplasia in response to the GLI1/2
activation, as well as evidence of ascites, both of which are features of advanced
pancreatic malignancy. However, we failed to detect evidence of full blown
invasive adenocarcinoma, and metastasis even in mice that survived up to 10
months of age. There could be multiple explanations for this. One possibility is that
while GLI1/2 can cooperate with oncogenic KRAS in driving pancreatic
transformation, additional genetic alterations such as loss of tumor suppressors
are required for progression to full blown adenocarcinoma, and activation of GLI1/2
alone does not bypass these requirements. Another possibility is that a majority of
the mice with aggressive GLI1/2 PanIN lesions die due to pancreatic dysfunction
before developing adenocarcinoma. A third intriguing possibility is that the strong
desmoplastic reaction, and massive stromal proliferation induced by GLI1/2 may
act to restrain further epithelial tumor formation by inhibiting angiogenesis, as

proposed by some recent studies*°.

Unlike GLI1/2 activation, the deletion of the transcriptional repressor GLI3 from the
pancreatic epithelium had no effect on the development of the pancreas. Also, Gli3
deletion did not affect the initiation and progression of PanIN lesions in response

to oncogenic KRAS activation. The pancreas of P48Cre;LSL-Kras®12P;Gli3 " mice
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were histologically similar to those of the P48Cre;LSL-Kras®12P mice. As discussed
previously, GLI3 is primarily a transcriptional repressor. Loss of function mutations
in Gli3 are known to lead to deregulation of the Hedgehog signaling pathway, and
are implicated in developmental disorders such as Greig cephalopolysyndactyly
syndrome and Pallister Hall Syndrome''.182 GLI3 is also known to be mutated in
a minority of PDAC cases, and Gli3 expression is detected in PDAC cells®"143, Our
findings imply that GLI3 does not play a significant role in PDAC, and Gli3 deletion
does not affect pancreatic transformation by KRAS. While our in vivo data
suggests that unlike GLI1 and GLI2, GLI3 does not play a significant role in
pancreatic transformation, the difference in the design of the Glil, Gli2, and Gli3
genetic experiments may also affect interpretation of our data. Firstly, GLI1 and
GLI2 are expressed ectopically in our mouse model at levels that are likely higher
than the physiological levels. Whether the effect of GLI1/2 mediated acceleration
of PanIN lesions is due to higher levels of expression of the proteins, or due to
differential transcriptional/post-transcriptional regulation of the ectopically
expressed transgenes cannot be determined from our experiments. Experiments
involving genetic ablation of endogenous GLI1 and GLI2 proteins need to be
conducted in order to further evaluate the role of the individual proteins in
pancreatic transformation. Also, expression levels of GLI target genes in the
pancreas of mice with oncogenic KRAS, and oncogenic KRAS with GLI1/2
activation or GLI3 deletion need to be compared to test whether the lack of

phenotype with GLI3 deletion is due to the lack of difference in GLI transcriptional
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activity. If this is the case, then it may imply either that the GLI3 proteins are not
functional during pancreatic transformation, or that the activity of these proteins is
not sufficient to counter transcriptional activation by GLI1/2. Another possibility
could be that while GLI3 may be expressed in PanlIN lesions, they may be inactive

due to lack of post-translational regulation in the pancreatic context.

Interestingly, bioinformatics analysis using the Oncomine database indicates that
while GLI1 and GLI3 are upregulated in human PDAC samples compared to
normal pancreas, GLI2 expression is relatively unchanged. Previous findings in
human PDAC cells have indicated that GLI2 is undetectable in human PDAC cells,
and KRAS knockdown leads to a downregulation of GLI1 but not GLI3 in PDAC
cells™3. Although GLI2 may not be expressed at sufficient levels, or in a KRAS
dependent manner in pancreatic cancer, our data clearly shows that GLI2 is
capable of playing an important role in promoting pancreatic neoplasia in
combination with KRAS. Furthermore, our findings that shRNA mediated
knockdown of GLI1 is sufficient to impair survival of PDAC cells indicates that while
GLI2 is capable of promoting pancreatic transformation upon ectopic expression,

GLI1 may be the primary GLI downstream effector of Kras in PDAC.
Cell-autonomous (non-canonical) GLI activity in PDAC

As discussed previously, there are multiple possible mechanisms of
Hedgehog/GLI signaling in pancreatic tumorigenesis. Our study provides strong

evidence for Hedgehog ligand independent, non-canonical GLI activity in PDAC.
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Our finding that inhibition of GLI transcription is sufficient to halt KRAS induced
transformation in pancreas, along with previous reports that the ablation of the
upstream GLI regulator Smoothened does not affect GLI activity'*® suggest cell-
autonomous regulation of GLI in the pancreatic epithelium. Also, while
Hedgehog/GLI activity in the pancreatic stroma has previously been shown to be
important, stromal GLI activity is regulated by Hedgehog ligands secreted by the
epithelium83, This is in contrast to GLI activity in the epithelium, which is regulated
by oncogenic KRAS. Together, these findings point to differential regulation of GLI

transcriptional activity in the epithelium and the stroma of the pancreas.

Our findings that GLI1/2 can accelerate pancreatic neoplasia in the presence of
oncogenic KRAS, but are not sufficient to initiate tumorigenesis in the absence of
KRAS activation, suggest a potentially important role in post-translational
regulation of these transcription factors by KRAS. An earlier report which shows
that Kras may prevent Gli1 protein degradation in PDAC cells via the
RAF/MEK/ERK pathway supports this hypothesis'8. Furthermore, the inability of
oncogenic Smoothened (SmoM2) activation to accelerate tumorigenesis suggests
that canonical Hedgehog signaling upstream of GLI does not play a role in
regulation of these transcription factors in the pancreatic epithelium. This is in
contrast to the stroma, where smoothened inhibition can inhibit activity of the GLI
transcription factors'®. These findings highlight context dependent differences in
regulation of GLI activity in the pancreatic epithelium and the stroma. However,

while our findings highlight the requirement of GLI in the pancreatic epithelium in
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tumorigenesis, they do not disprove the existence of paracrine Hedgehog signaling
between the epithelium and the stroma. As discussed previously, there is
significant evidence that shows paracrine Hedgehog signaling in pancreatic
cancer, and ligand dependent GLI activity in the stroma. Instead, our findings
suggest that while Hedgehog dependent GLI activity in the stroma may play a role
in pancreatic cancer, inhibition of Smoothened and other Hedgehog pathway
components upstream of GLI may not be sufficient to inhibit tumorigenesis, due to
the cell autonomous nature of GLI activity in the pancreatic epithelium, and the
important role played by non-canonical GLI signaling in pancreatic cancer. Our
conclusion is supported by recent findings which show that treatment with a
Smoothened inhibitor IP1-296 may not only fail to inhibit pancreatic cancer growth,
but may also marginally accelerate it, and the failure of Smoothened inhibitors in

the clinic in treatment of PDAC85.186,
Unique pancreas specific transcriptional program in PDAC

In classic Hedgehog/Smoothened dependent cancers, such as BCC,
medulloblastoma, rhabdomyosarcoma, the GLI proteins are known to drive a
transcriptional program that controls cell cycle and proliferation, through regulation
of genes such as CyclinD1, and Myc'87-188 However, in the context of PDAC, we
found that a majority of the genes regulated by GLI were not associated with
canonical Hedgehog signaling, and that Cyclin D1 and Myc expression was not
significantly altered upon GLI inhibition, although in our microarray analysis we

identified several known generic GLI target genes such as GLI1, PTCH1, and
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FOXA2. These findings suggest that GLI regulates a unique transcriptional
program in the context of PDAC. Interestingly, we identified a number of genes
involved in regulation of RAS signaling such as SOS2, RASAL, RIN2, RASSF4,
and RASSF5 that were downregulated in response to GLI repression. SOS2 is a
positive regulator of RAS signaling, while RASA1, and RIN2 are negative
regulators, and RASSF4 and RASSF5 are effectors of RAS induced tumor
suppression. This suggests the existence of a possible feedback loop between
RAS and GLI in PDAC. Further, we identified genes involved in regulation of
PI3BK/AKT signaling such as PIK3R1, and PIK3C2B. While our subsequent
experiments revealed transcriptional regulation of IKBKE by GLI as a mechanism
of GLI regulation of AKT activity, we have found that regulation of Akt
phosphorylation by IKBKE is modest compared to AKT regulation by GLI. The
regulation of PIK3R1, and PIK3C2B may constitute an additional mechanism
through which Gli may regulate AKT activation. This hypothesis can be tested
further by conducting shRNA mediated knockdown of these genes and testing its
effect on AKT phosphorylation. We also identified a number of genes involved in
regulation of the NF-kB pathway such as IKBKE, TRAF1, TRAF3IP2, MAP3K14,
and NFKBIE. As discussed previously, the PI3K/AKT and NF-kB signaling
pathways play an important role in pancreatic tumorigenesis, and are known to act
downstream of KRAS in regulating processes such as apoptosis, cell proliferation,
and inflammation. Our findings implicate transcriptional regulation by GLI as a

potential mechanism through which these pathways are regulated by KRAS in

125



PDAC. Our data also highlights a novel downstream oncogenic program involving
RAS/PI3K/NF-kB signaling mediating GLI tumorigenic activity. The importance of
the newly identified candidate Gli target genes can be further evaluated using

shRNA mediated knockdown in human PDAC cells.
PI3K/Akt regulation by Gli

The PI3K/AKT pathway is a major effector of RAS signaling that has been
implicated in cell transformation'6. The mechanisms through which RAS regulates
PI3K, and subsequently AKT activation have been relatively well characterized'0!.
Here, we identified an additional level of mechanistic control of AKT activation in
KAS dependent PDAC cells. We find that inhibition of GLI using the GIi3T
repressor in human PDAC cells leads to a significant decrease in AKT
phosphorylation. Furthermore, we find that treatment with a small molecule
inhibitor of GLI (Gant61) can lead to a dosage specific decrease in AKT
phosphorylation in PDAC cells. We also find that in our mouse model, ectopic
expression of GLI1 in combination with oncogenic KRAS can significantly increase
AKT phosphorylation. Interestingly, we find that ectopic expression of GLI1 can
help bypass KRAS induced senescence in PanIN lesions. Activation of the KRAS
oncogene is known to induce senescence in normal cells, a process which is
mainly regulated by the MAPK/ERK pathway'8, but can be relieved by activation
of the PI3K/AKT pathway'®. Evasion of senescence in response to GLI1 ectopic
expression may be mediated by the PI3K/AKT pathway in the PanIN lesions. This

can be tested by conducting staining for [B-galactosidase, and
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immunohistochemistry for AKT phosphorylation on adjacent sections of pancreas
from P48Cre;Kras®1?P;R26-Glil mice, and analyzing correlation between
senescent cells and relative AKT phosphorylation between different PanIN lesions.
Alternatively, GLI1 can be ectopically expressed, or repressed using shRNA
mediated knockdown in HPNE cells, which are immortalized human pancreatic
ductal cells, in combination with oncogenic KRAS to test whether GLI1 enables

bypass of oncogene induced senescence.
Regulation of NF-kB signaling by GLI

As discussed previously, deregulation of NF-kB signaling and its associated
inflammatory response are the hallmarks of PDAC and have been shown to be
essential for pancreatic transformation. KRAS oncogenic activation is known to
drive NF-kB activation in the context of pancreatic cancer. It has been shown that
KRAS can drive secretion of IL-1 and canonical NF-kB pathway activation through
transcriptional regulation of AP-144, and non-canonical NF-kB pathway activation
via regulation of GSK3a'?’. However, as the NF-kB pathway can be regulated at
multiple levels'®, the link between KRAS and NF-kB signaling in PDAC needs to

be further explored.

In our gene expression analysis, we found that the expression of a number of
regulators of the NF-kB pathway was downregulated in response to repression by
Gli3T. Furthermore, we found that the expression of an artificial luciferase

construct carrying p65 binding sites (p65-luciferase) was downregulated by GIi3T
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expression in PDAC cells. We also found that repression by GIi3T led to a
significant downregulation in expression of NF-kB target genes and cytokines such
as BCL2L1, IL-1, and TNF-alpha. This data suggests that GLI may regulate the
NF-kB pathway in the context of PDAC. The GLI-NF-kB connection is further
supported by our analysis of Kras-Gli pancreatic tumor models, as well as human
PDAC samples, although the mechanisms through which GLI may regulate NF-kB
remain unclear and further studies are clearly needed. Interestingly, we identified
GLI dependent expression of a number of known NF-kB pathway regulators such
as the TNF receptor regulator TRAF1, TRAF3IP2, non-canonical NF-kB kinase
MAP3K14, IKBKE, and also the TAK1 ubiquitinator TRIMS8. Alternatively, it is also
possible that GLI may regulate expression of cytokines, which in turn activate NF-
KB via autocrine signaling. Another possibility is that GLI may regulate expression
of NF-kB target genes via transcriptional co-activation, therefore functioning as a
crucial link connecting KRAS signaling, NF-kB pathway activation, and

inflammatory response during PDAC pathogenesis.
GLI mediated inflammation in PDAC

As discussed previously, inflammation has been established to be a critical
mediator of pancreatic transformation, and chronic pancreatitis is known to be a
major risk factor in pancreatic cancer'?*. While previous studies on inflammation
in PDAC have focused on known regulators of the NF-kB pathway, in our study,
we demonstrate for the first time, a potential role of GLI signaling in regulation of

inflammation in PDAC. In our study, we identified GLI dependent expression of a
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number of pro-inflammatory cytokines such as IL1A, TNFA, CX3CL1, as well as
other regulators of inflammation such as IKBKE, MAP3K14, IRF1, TRAF3IP2, and
TRIMB8. Other studies have also shown that GLI1 may regulate IL-6 expression in
the stroma, which activates STAT3 in the pancreatic epithelium through reciprocal
signaling’®2. STAT3 activation is known to be an important event in inflammation
induced pancreatic transformation’®3. Although previous studies have implicated
IKKB, COX2, IL-1a, and p62 in KRAS induced inflammatory response in PDAC,
GLI transcriptional activation of pro-inflammatory cytokines, and regulators of
inflammatory response may represent an additional level of regulation of
inflammation by KRAS in PDAC. Although GLI can activate inflammation in PDAC,
the link between the downstream effectors of GLI and inflammatory response

needs to be further explored.
Therapeutic implications of non-canonical GLI activity in PDAC

We have demonstrated that in PDAC, cell autonomous activity of Gli transcription
factors in the epithelium is required for KRAS induced oncogenic transformation.
We have also established GLI as a critical oncogenic effector of KRAS mediated
pancreatic transformation and demonstrated regulation of the PISK/AKT and NF-
kB pathways. Our studies provide proof of concept that therapeutic inhibition of

GLI should be further evaluated as in development of targeted therapy for PDAC.

The activity of GLI in the pancreatic epithelium is independent of the upstream

Hedgehog/Smoothened signaling. Currently, the only Hedgehog pathway
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inhibitors that have been successful in the clinic are Smoothened inhibitors. The
Smoothened inhibitor Vismodegib has been approved for treatment of Basal Cell
Carcinoma, and Smoothened inhibitors are being evaluated for treatment of other
malignancies'%4. However, since the GLI activity in the pancreatic tumor epithelium
is independent of Smoothened, PDAC tumors, which arise from the epithelium are
refractory to Smoothened inhibition. Unlike the epithelium, the stromal component,
which makes up a significant mass in PDAC tumors, is sensitive to Smoothened
inhibition, as the GLI activity in the stroma is regulated by upstream
Hedgehog/Smoothened signaling'®. Hence, in PDAC tumors, treatment with
Smoothened inhibitors would serve to deplete the stroma, but not the epithelial
component of the tumors. However, recent studies have shown that stromal
depletion alone may accelerate tumorigenesis, as the stroma serves to restrict
angiogenesis*®. Hence, targeting Hedgehog signaling in the stroma alone may not
be beneficial in treatment of PDAC. A better therapeutic strategy may be to target
the GLI transcription factors instead, as the PDAC epithelium is dependent on the
activity of these proteins. Another approach may be to identify and target
downstream effectors of GLI in the tumor epithelium, such as IKBKE, that are

required for tumorigenicity.
IKBKE requirement in pancreatic transformation

IKBKE was first identified as an oncogene in the context of breast cancer where it
was shown to activate the NF-kB pathway during transformation'62. Here, we show

that IKBKE but not TBK1 is a critical oncogenic effector of KRAS in pancreatic
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ductal adenocarcinoma both in vitro and in vivo. The identification of IKBKE as a
novel regulator of pancreatic tumorigenesis opens up new avenues for
development of targeted therapy for PDAC, as efforts to develop small molecule
inhibitors of IKBKE are already underway, some of which have shown efficacy in
vivo'83, In this study, we have identified an in vivo requirement for IKBKE signaling
in the initiation and progression of pancreatic neoplasia. The P48Cre;Kras®12D
model used in our system mimics initiation of pancreatic neoplasms but not
progression to adenocarcinoma. While our in vitro studies with human PDAC cells
highlight a critical requirement for IKBKE in formation of adenocarcinoma, this
needs to be further evaluated using in vivo models. To achieve this, IKBKE
knockout can be combined with the “KPC model” of pancreatic adenocarcinoma in
which KRAS is activated in the pancreatic epithelium along with knockout of TP53.
Analysis of survival of mice as well as kinetics of PDAC formation can be used as

an indicator for the involvement of IKBKE in PDAC tumors.

An alternative mouse model in which PTEN loss is combined with oncogenic KRAS
can also be used. This would particularly be significant because of an earlier report
that PTEN deficient PDAC tumors, but not TP53 deficient PDAC tumors are
vulnerable to small molecule based mTOR inhibition in mouse models''3.
Differences in the role of IKBKE/mTOR in regulation of AKT in the background of
PTEN loss vs TP53 loss can be evaluated using these two models. The human
PDAC cell lines used in our study carry mutations in TP53, and we have shown

these cell lines to be refractory to mTOR inhibition, which can be overcome by
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IKBKE knockdown. One possibility that needs to be evaluated is that TP53 mutant
PDAC tumors may be dependent on IKBKE for AKT activation, hence refractory to
mTOR inhibitors, whereas PTEN deficient tumors may be sensitive to mTOR
inhibition due to lack of IKBKE dependence. The two mouse models described

above may be used to test this hypothesis.

In our in vivo loss of IKBKE function model, we use a whole body knockout allele
in which IKBKE expression is lost not only in the pancreatic epithelium, but also in
the tumor microenvironment and in all other tissue types. This is distinct from our
GLI loss of function model in which we specifically inhibit GLI activity in the
epithelium. There are various implications of using a whole body knockout instead
of an epithelial specific knockout. Firstly, a whole body knockout model more
closely mimics drug based inhibition of IKBKE, as the function of IKBKE is lost not
in a specific tissue compartment but in all tissues types. In contrast to a whole body
knockout, an epithelial specific knockout model does not take into account the
possibility that the particular gene may play a potentially tumor suppressive role
when expressed in other tissue types, which would have significant implications
for drug based therapy. Also, the IKBKE knockout mice used in our study are
healthy, which implies that specific IKBKE inhibition may not be associated with

severe side effects.

A limitation of our in vivo model is that it does not distinguish between the
requirement of IKBKE in the epithelium vs the tumor microenvironment. As

discussed previously, the tumor microenvironment plays an important regulatory
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role in PDAC initiation, progression, and response to therapy, and immune cell
infiltration is a key feature of PDAC tumors. IKBKE is known to play an important
role in Type | Interferon response via phosphorylation of IRF3, and IRF7, and is
known to activate the NF-kB pathway in leukocytes'?!. The possibility that atleast
part of the antitumor activity of IKBKE inhibition may be due to the role of IKBKE
in the tumor microenvironment cannot be excluded. To test the significance of
IKBKE activation in the tumor epithelium, a xenograft model in which IKBKE is
specifically knockdown using an inducible shRNA in PDAC cell line derived tumors
can be utilized. An alternative approach using the highly immunocompromised
NOD.Cg-Prkdcseid [12rgtmWil/SzJ mice (NSG)'%® can also be used. These mice have
severe defects in the innate immune system, and lack functional T-cells, B cells,
and Natural Killer cells. Hematopoeitic Stem Cells (HSCs) isolated from either
Ikbke knockout or wild type mice can be transplanted into the NSG mice to
generate IKBKE deficient or IKBKE wild type immune cells. Human PDAC cell lines
can then be used to generate PDAC tumors in these mice via orthotropic
transplantation. The differences in tumor growth and pathology between mice
carrying IKBKE ablation and mice with wild type IKBKE can be evaluated to study

the stromal contribution of IKBKE in tumorigenesis.
IKBKE-GLI reciprocal interaction in PDAC

Our studies have clearly established IKBKE as a GLI target gene downstream of
KRAS in PDAC cells. Interestingly, we also found evidence to suggest that IKBKE

can engage in feedback regulation of GLI likely via regulation of GLI1 nuclear
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localization. GLI1 transcriptional activity can be regulated by phosphorylation by
different kinases such as S6K1, PKA, and PKC-gamma in both developmental and
tumorigenic contexts. In addition, PKA phosphorylation has been shown to
regulate cytoplasmic-nuclear shuttling of GLI1. It is possible that IKBKE may
regulate subcellular localization of GLI1 via direct. Bioinformatic analysis of the
GLI1 protein sequence using the Kinexus software reveals candidate IKBKE
phosphorylation sites at Serine-480, Serine-521, and Serine-538 on GLI1. These
residues are located in close proximity to the Nuclear Export Signal (NES) of the
GLI1 protein. Phosphorylation of GLI1 and subsequent inhibition of nuclear export
has been previously established as a mechanism of GLI1 regulation'®”. Hence, it
is possible that IKBKE may activate GLI1 post-translationally by preventing its
nuclear export, however, further experiments are needed to test this hypothesis.
IKBKE regulation of GLI1 phosphorylation can be tested preliminarily by testing
whether co-expression of the two proteins in 293 cells results in differential
phosphorylation of GLI1 using phos-tag western blot. Furthermore, although
immuno-precipitation of GLI1 has been challenging due to lack of a specific high
quality antibody, recent technological advances such as the CRISPR/Cas9 system
can be utilized to tag endogenous GLI1 in PDAC cells with a Flag-tag followed by
immuno-precipitation, and mass spectrometric analysis to test differential
phosphorylation at various sites on GLI1 in response to IKBKE knockdown. This
technique can also be used to test subcellular localization of endogenous GLI1 in

response to IKBKE knockdown or activation. Finally, it is important to consider the
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possibility that IKBKE regulation of GLI1 may be an indirect event. To test this, an
in vitro kinase assay can be conducted to test whether IKBKE is capable of
phosphorylating GLI1 directly. Together, these experiments may provide better

insight into the mechanism of regulation of GLI1 by IKBKE.
Signaling pathways regulated by IKBKE in PDAC

Although IKBKE is a Serine/Threonine kinase that was first identified as an kB
kinase, and an activator of NF-kB signaling, it shares only ~30% structural
homology with the canonical kB kinases IKKa and IKKRB'. In addition to
phosphorylating kB, IKBKE is known to play an important role in activating IRF3
(interferon regulatory factor 3), and IRF7 (interferon regulatory factor 7) in
activation of Type | Interferon Response, and IKBKE is also known to directly
phosphorylate and activate the NF-kB transcription factor c-Rel'¥. In breast
cancer, the oncogenic activity of IKBKE can be attenuated by inhibition of NF-kB
signaling, thus suggesting that IKBKE induced transformation is mainly mediated
by NF-kB. However, surprisingly, we found that, unlike in breast cancer, the
oncogenic activity of IKBKE in PDAC is not dependent on its ability to activate NF-
kB signaling, and is likely mediated by alternate mechanisms. In our human PDAC
cell lines we see only modest regulation of nuclear localization of the NF-«kB
transcription factor p65 by IKBKE. In our in vitro and in vivo systems, we use p65
nuclear localization in the epithelium as a marker for NF-kB pathway activation.
While based on our findings it is apparent that IKBKE regulation of NF-kB pathway

activation is modest, another possibility is that IKBKE may act through a p65
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independent manner via regulation of C-REL as previously described'®”. This
possibility can be further tested by measuring nuclear vs cytoplasmic localization
of c-REL in response to IKBKE knockdown in PDAC cells. In addition to the NF-kB
pathway components, IKBKE can phosphorylate other substrates such as CYLD,
FOXO03a, TRAF2, and AKT"98.199.200.172 " |n particular, IKBKE has been shown to
directly phosphorylate AKT at both Threonine-308 and Serine-473 in a
PIBK/mTOR independent manner in biochemical assays; however, its
physiological and clinical relevance remains unclear. Our data provide a strong
evidence that IKBKE is critical for maintaining AKT activity in PDAC. AKT
phosphorylation at Threonine-308 is normally regulated by PDK1 in response to
PI3K activation, and Serine-473 phosphorylation is regulated by the mTORC2
complex. We find that treatment with the mTOR kinase inhibitor Torin1 leads to a
decrease in AKT phosphorylation at both Threonine-308, and Serine-473 in serum
starved Panc-1 cells. Although mTORC2 complex does not directly phosphorylate
AKT at Threonine-308, dephosphorylation of the Serine-473 residue has been
proposed to cause transient inhibition of phosphorylation at Threonine-3082°1. This
effect has been attributed to the ability of the phosphorylated Serine-473 residue
to provide a docking site for PDK12%2, Our findings are consistent with this
hypothesis as we see loss of AKT phosphorylation at Threonine-308 with mTOR
inhibition. Although AKT phosphorylation is relatively inhibited by mTOR inhibition,
we find that a basal level of phosphorylation is maintained even while mTOR is

inhibited. We find that mTOR inhibition, when combined with shRNA-mediated
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knockdown of IKBKE in Panc-1 cells leads to a synergistic decrease in
phosphorylation of AKT at both Serine-473, and Threonine-308. These findings
suggest that while mTOR certainly plays a role in phosphorylating AKT in PDAC,
IKBKE is a major contributor to AKT phosphorylation at both Serine-473 and
Threonine-308, and combined inhibition of mMTOR and IKBKE is necessary to
inhibit AKT activation. Thus, activation of AKT is likely the primary mechanism of

IKBKE mediated pancreatic tumorigenesis underlying KRAS/GLI activation.
Combined IKBKE/mTOR inhibition in PDAC

Although they have been successfully used in the treatment of certain
malignancies such as Renal Cell Carcinoma, mTOR inhibitors have not been
effective in treatment of PDAC in the clinic. Resistance to mTOR inhibitors can be
mediated by multiple mechanisms. Until recently, majority of the mTOR inhibitors
tested in clinical trials are “Rapalogs” which are analogs of Rapamycin. Rapalogs
are known to preferentially inhibit mTORC1 complex but are not very effective in
inhibition of MTORC2, which mediates AKT phosphorylation?°3. Thus, Rapalogs
fail to inhibit one of the crucial functions of mMTOR which is important in oncogenic
transformation. Inhibition of MTORC1 can also increase AKT phosphorylation at
Threonine-308, as S6K, an mTORC1 target normally acts as a negative regulator
of IGF-1 signaling, and IGF-1 can drive PI3K activation through the activity of
IRS12%4, Hence, Rapalogs are not an ideal choice of treatment in cancers that are
dependent on AKT activity such as PDAC. mTOR kinase inhibitors, which are

second generation mTOR inhibitors are considered to be more effective than
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Rapalogs because they can target both mTORC1, and mTORC2. However, in a
model of breast cancer, it was recently shown that even mTOR kinase inhibitors
were unable to suppress AKT reactivation which, in the context of breast cancer,
was mediated by increased HER2 kinase mediated RTK activation, and
independent of S6K activity'””. In this study, it was shown that combined inhibition
of mMTOR with HER2 led to a decrease in tumor formation in vivo. Hence, in order
to effectively utilize mTOR inhibitors for treatment of cancer, it is essential to
identify underlying causes of resistance to the inhibitors, of which there are multiple

possibilities.

In our study, we found that mTOR inhibition alone had no effect on the survival of
human PDAC cell lines, which is consistent with earlier findings in patients.
Furthermore, we found that although mTOR inhibition in PDAC temporarily led to
ablation of AKT phosphorylation at both Serine-473 and Threonine-308,
phosphorylation at both these sites was soon restored in the presence of serum.
Earlier studies in non-PDAC cell lines have shown that in case of mTOR
independent AKT reactivation, only phosphorylation at Threonine-308 is restored,
whereas Serine-473 phosphorylation remains inhibited. Hence, reactivation of
AKT phosphorylation at both the sites indicates a potentially different, previously
undiscovered mechanism underlying resistance to mTOR inhibition. Since we
have found that IKBKE plays a crucial role in AKT regulation in PDAC, we

evaluated the possibility of IKBKE mediating mTOR-independent AKT reactivation.
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We found that after shRNA mediated knockdown of IKBKE, AKT rephosphorylation

at both Threonine-308 and Serine-473 was inhibited.

Our findings suggest that in the context of PDAC, IKBKE may mediate resistance
to mTOR inhibition by driving mTOR-independent AKT reactivation. Consistent
with these results, we also found that IKBKE knockdown led to sensitization of
Panc-1 cells to mTOR inhibition, and significantly increased apoptosis and
decreased tumorigenicity in the cells. Our results provide proof of concept that
combined IKBKE/mTOR inhibition may be beneficial in treatment of PDAC by

overcoming reactivation of AKT.

Further in vivo experiments are necessary to test whether combined IKBKE/mTOR
targeting can lead to inhibition of PDAC tumors in mice. We propose the following

two approaches:

1) Utilize the previously described “KPC model’?%® with Cre-dependent
expression of oncogenic KRAS, along with a dominant negative allele of
Trp53 in the mouse pancreas to mimic human PDAC tumor formation in
vivo. Once the tumors are established, divide the mice randomly into four
treatment arms: i) Vehicle alone, ii) ATP competitive mTOR kinase inhibitor
AZD80552% iii) IKBKE small molecule inhibitor Amlexanox'®3, iv) AZD8055
in combination with Amlexanox. Survival of the mice in different treatment

arms can be compared to determine potential benefit of treatment
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2) Generate patient derived xenograft (PDX) models of PDAC via
subcutaneous engraftation of human PDAC tumors in immunodeficient
NSG mice?72%8 Once PDAC tumors are engrafted, randomly assign the
mice into four treatment arms, and treat with the IKBKE/mTOR inhibitors as
described above. Tumor volume measurement can be used as an indicator

of efficacy of the inhibitors in PDAC treatment.

Data from the pre-clinical in vivo experiments described above may provide robust
evaluation of the potential for combined IKBKE/mTOR targeted therapy in

treatment of PDAC in the clinic.
Summary (Fig. 4.1)

In our study, we have identified a critical in vivo requirement for cell autonomous
GLI transcriptional activity in the pancreatic epithelium for initiation of neoplasia,
and progression to adenocarcinoma. Using a well established model of pancreatic
adenocarcinoma, we have provided proof of concept that inhibition of GLI
transcription factors may be beneficial in treatment of PDAC. Furthermore, we
have identified a novel PDAC specific transcriptional program regulated by GLI
that involves activation of the NF-kB and PI3K/AKT signaling pathways, and we

have established GLI as a mediator of KRAS induced NF-kB and AKT activation.

We have also identified IKBKE as a transcriptional target of GLI, which plays an
important role in mediating pancreatic transformation downstream of KRAS. We

have established that IKBKE engages in feedback regulation of the GLI pathway
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via regulation of nuclear localization of GLI1. We have found IKBKE to play a
modest role in activating NF-kB in PDAC, and established IKBKE as a regulator of
AKT phosphorylation, which plays an important role in mediating AKT reactivation
post-mTOR inhibition. Furthermore, we have established that IKBKE mediates
resistance to mTOR inhibition in the context of PDAC and provided proof of

concept for combined targeting of IKBKE and mTOR in pancreatic cancer.
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Figure 4.1: Gli-IKBKE signaling in pancreatic adenocarcinoma

GLI is activated downstream of oncogenic KRAS in the pancreatic tumor
epithelium, and drives a transcriptional program that leads to AKT and NF-«kB
activation. IKBKE mediates GLI mediated activation of AKT, and partially mediates
NF-kB activation downstream of Gli. IKBKE and mTOR play a crucial role in AKT
activation, and IKBKE mediates AKT reactivation post-mTOR inhibition.
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