Proximal Differentiation Therapy for
KRAS Mutant Lung Adenocarcinoma



Questions

» What is the cell of origin of lung adenocarcinoma?
» Are distal adenocarcinomas similar to distal lung progenitors?

» How "plastic” are respiratory epithelial cells?



Distal Epithelium

CC10 + Clara Cell CC10+, Sftpc+

Ciliated Cell

CC10+, Sftpc+
Type ll Cell

-

Differences from intestinal epithelium
-very slow turnover at steady state
-multiple progenitors at steady-state and after injury
-basal cell, Clara cell, Type Il cell
-bronchioalveolar stem cell (BASC) has been described
as a stem cell for bronchioles and alveoli and as the
cell-of-origin of K-RasG12D-induced adenocarcinoma



Putative BASCs

Identification of Bronchioalveolar Stem Cells
in Normal Lung and Lung Cancer

Carla F. Bender Kim," Erica L. Jackson,'”
Amber E. Woolfenden,'? Sharon Lawrence,’
Imran Babar? Sinae Vogel,! Denise Crowley,?
Roderick T. Bronson,® and Tyler Jacks'?*
Center for Cancer Research and Department
of Biology
“Howard Hughes Medical Institute
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Cell, Vol. 121, 823-835, Junc 17, 2005,

Adenoviral Cre delivered by inhalation

A




But...

» Lineage tracing using a Clara cell specific mouse demonstrates
NO alveolar contribution at steady state or after injury

(Rawlins et al. 2009 Cell Stem Cell, 4:525-34).

» Human K-Ras-mutant tumors are exclusively alveolar (Cooper
et al. 1997 J Pathol, 181: 401-4).

» A/J mouse chemically-induced tumors (K-Ras) resemble Type

Il cells via electron microscopy (Belinsky et al 1992 Cancer
Res, 52: 3164-73).



Hypothesis

Type Il cells are another cell-of-origin for K-Ras-induced lung
adenocarcinoma



CreER-loxP system: Controlling expression of genes in
time and space

Tamoxifen

K-RasG12D

K-RasG12D

We have CC10-CreER and Sftpc-CreER "knock-in" mouse lines



CC10CreER expresses throughout airway and in a subset of
Type |l cells

CC10CreER; ™ | CC10CreER;
Isl LacZ Isl fGFP
CC10CreER;

Isl K-RasG2D |
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Lineage Tracing of CC10-Expressing Cells upon
K-RasG12D Induction—CC10CreER: Isl K-RasG12D: Isl

fGFP Mouse
el

Ixtme-24h LtnmxsJa Garmns I 2Ih

8 i :
A 4
ox 1
" -
-
* =
on = ~

Axtmxe 2an ixtmx«rd axtmx+72h

M

Ixtmx +24h|B

that are GFP+Sftpce

» 81 F 8 Y5

%of total BerdUGIP+ cells

3 308§

L
J

% of otal BedUeGFPe calls
hat are GFP+Shp

Large airwa

BASCs proliferate, but not
preferentially

Bronchus



Induction of K-RasG12D using SpcCreER




Summary

CC10+, Sftpc+
Type ncell

CC10-CreER; LSL-K-RasG12D + tamoxifen

Bronchi/Bronchioles: No phenotype Bronchi/Bronchioles: No phenotype
BADJ: CC10+ hyperplasia, CC10+Foxj1+ BADJ: No phenotype or very rarely small hyperplasia at late stage
hyperpiasia, CC10+Sftpc+ hyperplasia Alveoli: Sftpc-positive adenoma/adenocarcinoma

Alveoli: Sftpc-positive adenoma/adenocarcinoma

4910-4915 | PNAS | March 27,2012 | vol. 109 | no. 13



Next questions

» Why are Type |l cells uniquely able to form tumors when
K-Ras is activated?

» Why are bronchial epithelial cells protected?



K-Ras activation leads to upregulation of Notch

3 - i Rosa26-f-GFP;CC10-CreER

i K-Ras;Rosa26-f-GFP;CC10-CreER

Mean normalized expression

Notchl Notch2 Notch3



Notch Pathway
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Inhibition of Notch by dominant negative DNMAML1
reduces K-RasG12D induced tumorigenesis in CC10-CreER
mice

15 weeks after TM

K-RasG12D; Rosa26-f-GFP;CC10-CreER K-RasG12D; Rosa26-DNMAML1-GFP;CC10-CreER



Immunohistochemical analysis

CC10CreER; KRasG12D; DNMAML-GFP
Large tumors contain no DNMAML-GFP
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Notch Overexpression with K-RasG12D

CC10-CreER; Isl-K-RasG12D; ROSA Notch mice

- £ .




Gamma secretase inhibition affects K-Ras-addicted lung
cancer cells




What is regulating Notch?

» SOX2 ChlP-seq in H520 cells: Notch 1-4 are direct SOX2
targets

» In microarrays of CC10-CreER; KRas and Sftpc-CreER; Kras
tumors, Sox2 is one of the 15 differentially-regulated genes

» Sox2 expression is highest in the proximal airway and lowest in
the alveoli



Sox2 /Notch interaction

CC10 + Clara Cell

Ciliated Cell

Notch I»

CC10-CreER; LSL-K-RasG12D + tamoxifen

Bronchi/Bronchioles: No phenotype

BADJ: CC10+ hyperplasia, CC10+Foxj1+
hyperplasia, CC10+Sftpc+ hyperplasia

Alveoli: Sftpc-positive adenoma/adenocarcinoma

CC10+, Sftpc+
Putative BASC

CC10+4, Sftpc+
Type Il Cell

Bronchi/Bronchioles: No phenotype
BADJ: No phenotype or very rarely small hyperplasia at late stage
Alveoli: Sftpc-positive adenoma/adenocarcinoma



Rosa Isl-Sox2-IRES-GFP mouse
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Modulation of Sox2
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CC10+ Clara Cell CC10+, Sftpc+
> N Putative BASC

Ciliated Cell

CC10+, Sftpc+
Type Il Cell
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Lung Development—Bipotent Progenitor

Reconstructing lineage hierarchies of the distal lung
epithelium using single-cell RNA-seq
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Type |/ Type Il cell marker expression
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K-Ras-induced Dedifferentiation
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3D co-culture of K-Ras;Spc-CreER;Tdtm
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Increased tumor sphere formation in
Spc+Pdpn+ cells
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RNAseq analysis for Xia

Type | Double-Positive Type Il
(Pdpn) (Tdtm + Pdtd) (Tdtm+)

Average Sanger Quality Score >39
(max. 40)

FastQC &
TrimGalore! 72.85% average unique alignment

93.4% average overall alignment

A HISAT2: ~30 minutes per alignment!
Tophat2: ~6-8 hours per alignment

v

FeatureCounts FeatureCounts: ~90 seconds per read count
HTSeqCount: ~30-60 minutes per read count

PCA & Differential Expression Analysis

All analysis done locally on my laptop!



RNAseq analysis for Xia

Type | Double-Positive Type Il
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Tdtm vs Pdpn

Tdtm vs Pdpn

log fold change
0
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DP vs Tdtm

log fold change

Pdtd vs Tdtm
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DP vs Tdtm

* Top 20 positive signatures from GSEA Hallmark Database

* In other words, those signatures which are highly enriched in the Pdtd cells

* NES = Normalized Enrichment Score

FWER p-

NAME NES NOM p-val FDR g-val val
2.274148

HALLMARK_ALLOGRAFT_REJECTION 2 0 0 0
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITI 2.271345

ON 9 0 0 0

HALLMARK_TNFA_SIGNALING_VIA_NFKB 2.150286 0 0 0
2.143379

HALLMARK_E2F_TARGETS 7 0 0 0

HALLMARK_INFLAMMATORY_RESPONSE 2.124931 0 0 0

HALLMARK_KRAS_SIGNALING_UP 2.083865 0 0 0
2.067638

HALLMARK_COMPLEMENT 9 0 0 0
2.062215

HALLMARK_G2M_CHECKPOINT 3 0 0 0

HALLMARK_INTERFERON_GAMMA_RESPONSE 2.017774 0 0 0
2.010304

HALLMARK_COAGULATION 7 0 0 0
1.944694

HALLMARK_IL6_JAK_STAT3_SIGNALING 8 0 0 0
1.934076

HALLMARK_APICAL_JUNCTION 5 0 0 0
1.909298

HALLMARK_APOPTOSIS 9 0 0 0
1.850201

HALLMARK_IL2_STATS5_SIGNALING 6 0 0 0



DP vs Tdtm

e Top 20 positive signatures from GSEA Curated Database

* In other words, those signatures which are highly enriched in the Pdtd cells

* NES = Normalized Enrichment Score
NAME
ROSTY_CERVICAL_CANCER_PROLIFERATION_CLUSTER
LIAN_LIPA_TARGETS_3M
LIAN_LIPA_TARGETS_6M
KOBAYASHI_EGFR_SIGNALING_24HR_DN
CROONQUIST_NRAS_SIGNALING_DN
POOLA_INVASIVE_BREAST_CANCER_UP
MCLACHLAN_DENTAL_CARIES_UP

SOTIRIOU_BREAST_CANCER_GRADE_1_VS_3_UP
CHANG_CYCLING_GENES

HESS_TARGETS_OF_HOXA9_AND_MEIS1_DN
KANG_DOXORUBICIN_RESISTANCE_UP
GRAHAM_NORMAL_QUIESCENT_VS_NORMAL_DIVIDING_
DN

VERHAAK_GLIOBLASTOMA_MESENCHYMAL

NES
2.507377
6
2.437594
7
2.436695
6
2.429503
7
2.416998
6
2.416158
7
2.409849
6
2.403276
4
2.40299
2.362187
1
2.353079
2.349801
8
2.344288
6

NOM p-val FDR g-val

0

0

FWER p-
val

0



Pdtd vs Tdtm

Top 20 positive signatures from GSEA Gene Ontology Database

* In other words, those signatures which are highly enriched in the Pdtd cells

NES = Normalized Enrichment Score
NAME

GO_MYELOID_LEUKOCYTE_ACTIVATION
GO_REGULATION_OF_LEUKOCYTE_CHEMOTAXIS

GO_REGULATION_OF_LEUKOCYTE_MIGRATION
GO_LEUKOCYTE_MIGRATION
GO_INFLAMMATORY_RESPONSE
GO_POSITIVE_REGULATION_OF_LEUKOCYTE_MIGRATION

GO_CELL_CHEMOTAXIS
GO_LEUKOCYTE_CHEMOTAXIS

GO_REGULATION_OF_CYTOKINE_SECRETION
GO_LEUKOCYTE_ACTIVATION

GO_CHEMOKINE_MEDIATED_SIGNALING_PATHWAY
GO_POSITIVE_REGULATION_OF_CYTOKINE_SECRETION
GO_CELL_ACTIVATION

GO_POSITIVE_REGULATION_OF_LEUKOCYTE_CHEMOTAXIS

NES
2.220508
6
2.209167
2.180438
5
2.179667
2.172299
2.170640
2
2.169829
1
2.159894
2.158500
2
2.15269
2.152576
2
2.152483
7
2.147237
5
2.133005
6
2.120372

NOM p-
val

FDR g-val

FWER p-
val



Pdtd vs Tdtm

Top positive signatures from GSEA Oncogenic Signatures Database

* In other words, those signatures which are highly enriched in the Pdtd cells

NES = Normalized Enrichment Score

NAME
RPS14_DN.V1_UP
CORDENONSI_YAP_CONSERVED_SIGNATU
RE
SNF5_DN.V1_UP
ESC_V6.5_UP_EARLY.V1_DN
STK33_SKM_UP
RB_P107_DN.V1_UP

CSR_LATE_UP.V1_UP
BMI1_DN_MEL18_DN.V1_UP

LEF1_UP.V1_UP
P53_DN.V1_DN
ATF2_S_UP.V1_UP
TGFB_UP.V1_UP
MEL18_DN.V1_UP
BRCA1_DN.V1_UP

HOXA9_DN.V1_UP

STK33 UP

NES
2.302174
6
2.232320
3
2.109282
2.108703
2.098588
7
2.073440
8
2.040403
8
2.02171
1.995256
7
1.936386
7
1.934966
1.92077
1.911203
6
1.893171
1
1.871001
8
1.863819
5

NOM p-val FDR g-val

0

o

0

o

FWER p-
val

0

o



SOX2 Mimetic

A Small-Molecule Inhibitor of Tgf-3 Signaling
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In vitro culture system
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SOX2 Mimetic In Vivo

Survival proportions: Survival of Two groups
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In vitro culture of human cells

Type Il cells (3D) Tumor (2D on feeder layer
with ROCK1 inhibitor)



Summary/Conclusions

» Active Notch is necessary for K-RasG12D-induced lung
adenocarcinoma

» Inhibition of Notch signaling in K-RasG12D-expressing cells
leads to squamous differentiation

» Activation of Notch along with K-RasG12D in
bronchial /bronchiolar cells leads to papillary adenocarcinoma

» Sox2 activation determines K-Ras-induced tumor location by
down regulating Notch

» Both Sox2 over expression and Notch inhibition proximally
differentiate Type Il cells such that K-Ras activation is not
transforming



