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Abstract

Many cancers originate from stem or progenitor cells hijacked by somatic mutations that drive
replication, exemplified by rapid adenomatous transformation of pulmonary alveolar type Il (AT2)
cells. Here, we demonstrate a different scenario: expression of KrasG12D in fully differentiated
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AT1 cells reprograms them slowly and asynchronously back into AT2 cells that go on to generate
indolent tumors. Like human lepidic adenocarcinoma, the tumor cells slowly spread along intact
alveolar walls in a non-destructive manner and have low ERK activity. We find that AT1 and AT2
cells act as distinct cells of origin and manifest divergent responses to concomitant Whnt activation
and KrasG12D induction, which dramatically increases AT2-derived but inhibits AT1-derived
adenoma proliferation. Pharmacological augmentation of ERK activity in KrasG12D-induced AT1
cells dramatically increases transformation efficiency, proliferation, and likelihood of progression
from pure lepidic to mixed tumor histology. Overall, we have identified a novel cell of origin for
lung adenocarcinoma, the AT1 cell, which recapitulates features of human lepidic cancer. In so
doing, we also uncover a capacity for oncogenic Kras to reprogram a differentiated and quiescent
cell back into its parent stem cell en route to adenomatous transformation. Our work further
reveals that irrespective of a given cancer’s current molecular profile and driver oncogene, the cell
of origin exerts a pervasive and perduring influence on its subsequent behavior.

One-Sentence Summary:

Oncogenic Kras reprograms differentiated AT1 cells into AT2 cells that generate indolent and
functionally constrained tumors that share features with human lepidic lung adenocarcinoma.

Introduction

Lung adenocarcinoma (LuAd) is the leading cancer killer worldwide?. It arises in the distal
gas exchange region of lung and is comprised of tumor cells with cytological and molecular
features of alveolar epithelial type Il (AT2) cells2. Multiple groups have demonstrated

that AT2 cells are a key cell of origin for LUAd, rapidly generating adenomatous tumor
nodules upon induction of KrasG12D in mouse 3-°. Genetic mouse models recapitulate key
aspects of aggressive human LuAd, including nodular growth, metastasis, and lethality®.
Yet, there is a remarkably benign subtype within the human LuAd spectrum whose origin
remains enigmatic. This outlier was previously considered as a separate class altogether,
called bronchioalveolar carcinoma (BAC)’. However, because this term was not applied
consistently, BAC was subsumed under the LuAd spectrum as the lepidic subtype in 20118.
Lepidic lung adenomas are marked by indolent progression, infrequent metastasis, and
non-destructive spread of tumor cells as a monolayer along intact alveolar septae®. Like

in other histologic subtypes of LuAd, the tumor cells in lepidic LuAds cytologically and
molecularly resemble AT2 cells. Yet, because they harbor driver mutations common to other
LuAd subtypes, lepidic LuAds cannot be convincingly ascribed to an oncogene-specific
effect on AT2 cells. Indeed, no mouse models of LuAd targeting AT2 (or any other lung

cell types) have recapitulated benign alveolar tumors that slowly expand in a lepidic manner.
Deep mutational and transcriptional profiling of human LuAd tumors has also not generated
any fundamental molecular insights. Hence, both the cellular origin and molecular basis for
the benign phenotype of lepidic tumors remains unknown.

We hypothesized that given its overlapping mutational spectrum with other LuUAd subtypes
yet highly distinctive biology, lepidic cancer might arise from a different (non-AT2) cell of
origin. Because it is the only other alveolar epithelial cell type, the AT1 cell was a prime
candidate. AT1 cells are ultra-thin, expansive cells that comprise the gas-exchange surface of
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the distal lung and are interspersed with cuboidal, surfactant-producing AT2 cells. AT1 cells
are believed to be terminally differentiated and regenerated throughout life by AT2 stem
cells10. We thus asked if AT1 cells were responsive to conditional expression of KrasG12D,
a common LuAd oncogene found in multiple histological subtypes, including lepidic.

KrasG12D reprograms terminally differentiated AT1 cells into AT2 stem cells

Hopx encodes a Homeodomain-only protein that is highly expressed by AT1 cells. We
targeted AT1 cells for expression of oncogenic Kras along with a membrane GFP lineage tag
by administering tamoxifen to adult mice harboring Hopx-CreER™, Krasl. SL-G12D'?, and
R26mTmG"3 alleles. Immunohistological analysis revealed normal-appearing flat mGFP*
AT1 cells in control lungs but discrete foci ranging from small clusters of cuboidal mGFP*
cells to expansive hyperplasia spanning up to 10 contiguous alveoli at 6 months after
KrasG12D induction (Figure 1a). mGFP* cells with morphologies intermediate between
squamous and cuboidal first emerged several weeks after tamoxifen administration. A
notable feature of this process was the asynchronous response of AT1 cells following
‘pulsed’ induction of KrasG12D by a one-time dose of tamoxifen. This temporally
heterogeneous response facilitated reconstruction of the process of AT1 “unflattening” and
adoption of a cuboidal morphology (Figure 1b).

We next examined the molecular status of KrasG12D-induced AT1 cells. Considering the
notably asynchronous AT1 cell response, we reasoned that single cell RNA sequencing
(scRNA-seq) would illuminate a broad diversity of molecular stages. We therefore
performed scRNA-seq of mGFP* cells using SmartSeq2 at 10 months after tamoxifen, then
ordered individual cells in pseudotime using PAGA (Figure 1c). This analysis supported
a direct molecular reversion from AT1 to AT2 cell phenotype driven by KrasG12D (Figure
1d). The transcriptomes of cells upon cessation of AT1 marker expression closely matched
that of normal AT2 cells, so we refer to KrasG12D-expressing AT1 cells at this pseudotime
stage as in vivo induced AT2 (iAT2) cells (Figure 1d). Charting dynamic changes in AT1
marker proteins, AT1 and AT2 marker genes, and AT1 and AT2 cell transcription factors
all indicated progressive loss of AT1 with acquisition of AT2 molecular identity (Figure
1e). Interestingly, several recently identified genes transiently expressed during physiologic
AT2 to AT1 transdifferentiation were not expressed in KrasG12D-activated AT1 cells during
reversion back into an AT2 cell phenotype. We next used antibody staining and multiplex
in situ hybridization1® to correlate cytological, molecular and lineage features of single
cells in intact lung, which revealed co-expression of selected AT1 and AT2 markers in

AT1 lineage (MGFP™*) cells morphologically intermediate between squamous and cuboidal
(Figures 1f-g). The iAT2 group of cells were remarkably transcriptionally similar to normal
AT?2 cells (Figure 1h). We also assessed the Wnt status of iAT2 stage cells and found that

a significant proportion were Wnt-active, indicated by nuclear -catenin protein and Axin2
expression (Figure 1i) This observation is significant because the Axin2-expressing subset of
AT2 cells is enriched for stem cell activity in normal lung and Whnt activity is required for
their proliferation10.16:17 When we specifically compared Axin2* iAT2 cells with Axin2*
AT2 stem cells, we observed that cells from each population were intermixed in the PAGA
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(Figure ED2b). We also performed transmission electron microscopy which revealed the
presence of lamellar bodies, the hallmark feature of mature AT2 cells, in Kras-induced
AT1-lineage cells (Figure 1j). Together, these findings suggest that at least a subset of
AT1 cells was fully reprogrammed into an AT2 stem cell phenotype at the molecular and
ultrastructural level.

We noted that some AT1 lineage cells from the Hopx-CreER>LSL-KrasG12D, mTmG lungs
had maintained an AT1 cell molecular phenotype at the transcriptomic level. To determine

if these cells had merely recombined the lineage tag without inducing KrasG12D, we
manually inspected the Exon2 reads from the Kras gene in this group. We were surprised to
discover that a portion of these cells were actively expressing KrasG12D to which they were
apparently unresponsive over the 10 months after tamoxifen induction (Figure 1Kk).

KrasG12D-induced AT1 cells generate indolent adenomas that grow in a lepidic manner
and have differential MAPK pathway activation from KrasG12D-induced AT2 adenomas

To directly compare the oncogenic capacity of AT1 and AT2 cells, we employed an Sfipc-
CreER'® knock-in allele to express the same conditional KrasLSL-G12Dand R26mTmG
alleles in AT2 cells. As expected, Kras-induced AT2 cells rapidly expanded as nodular
lesions compressing surrounding alveoli. By contrast, Kras-induced AT1 cells gradually
adopted a cuboidal morphology then slowly spread in a monolayer along alveolar walls.
Adenomas arising from AT2 cells contained a much higher proportion of proliferating cells,
and the vast majority were nodules at 2 months after tamoxifen. By contrast, at 6 months
after KrasG12D induction adenomas arising from AT1 cells were pure lepidic or in some
cases had acquired a minor nodular component (Figure 2a-b, Extended Data 1a-c). Notably,
Hopx-CreER>KrasL SL-G12D mice never displayed signs of respiratory distress even at

10 months post-tamoxifen. By contrast, Sfioc-CreER> KrasLSL-G12D mice uniformly met
criteria for euthanasia due to tumor burden within several months after receiving tamoxifen.

Given these very different outcomes, we next focused on Kras-induced AT1 cells at the
pseudotime stage immediately after the iAT2 stage, which we refer to as “early’ indicating
early tumor stage. We directly compared the transcriptomes of these ‘early’ stage Kras-
induced AT1 cells with “early’ stage Kras-induced AT2 cells isolated at 18 days after
tamoxifen. The results showed that ‘early’ stage Kras-induced AT1 and AT2 cells were
entirely non-overlapping and embarked on separate pseudotime trajectories (Figure 2¢ and
ED2). To explore the basis for the transcriptionally divergent responses of AT1 and AT2
cells to the identical oncogenic stimulus, we examined activity of the mitogen-activated
protein kinase (MAPK) pathway downstream of Kras in AT1- and AT2-derived tumor cells
by immunostaining. The results showed no difference in phosphorylated JUN (pJUN), a
readout of JNK activity, which was detected in many AT1- and AT2-derived adenoma
cells, whereas phosphorylated ERK (pERK) was present in significantly fewer AT1-derived
adenoma cells (Figure 2d).

Given the apparent robust response of JNK to Kras activation in AT1 cells, we reasoned that
evaluating the phosphorylation of JUN in ‘unresponsive’ AT1 cells would shed light on the
mechanism of their resistance. The results showed no difference in the pJUN staining of AT1
phenotype (NKX2-1*/LAMP3") cells in Kras®12P and KrasWT mice, suggesting that the

Nature. Author manuscript; available in PMC 2023 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juul et al. Page 5

mechanism of resistance to AT2 reprogramming was upstream of MAPK activation (Figure
ED3).

AT1-derived adenomas are selectively resistant to growth enhancement by Wnt activation

Whnt activity has been shown to be essential for proliferation of AT2 stem cells and in
KrasG12D and BrafVV600E driven lung tumors, with substantially increased growth upon
experimental activation19-21, We therefore asked whether activating Wnt would have the
same pro-tumor effects on KrasG12D-induced AT1 cells and if it impacted MAPK activity
in AT1- or AT2-derived tumors. To test this, we combined the B-catenin-flox-Exon3?? and
KrasLSL-G12D alleles with the Hopx-CreER (AT1) or Sfipc-CreER (AT2) drivers. Exon

3 encodes the phosphorylation sites for GSK-3[ that activates degradation of 3-catenin
protein, so its conditional deletion results in 3-catenin accumulation and constitutive Wnt
signaling in the targeted cells. Using this genetic strategy, we found that concomitant
KrasG12D induction and Wnt activation in AT1 cells resulted in significantly smaller tumors
compared with Kras-only controls. On the other hand, AT2-derived adenomas more than
doubled in size compared to Kras-only controls without Wnt activation. There was no
significant effect on tumor histology for either AT1 or AT2 cells (Figure 2e). Tumor staining
showed no significant difference in proliferation or pERK staining of AT1-derived adenomas
with concomitant Wnt activation. By contrast, AT2 derived adenomas showed almost triple
the rate of proliferation and a significant increase in pERK* tumor cells. Both AT1 and

AT2 tumors showed a major reduction in the proportion of pJUN™* cells (Figure 2f). Thus,
Whnt activation drove AT2 adenoma proliferation and enhanced growth with a concomitant
increase in ERK and reduction in JNK activity. In KrasG12D-induced AT1 cells, by contrast,
Wht failed to induce ERK but did reduce JNK activity, resulting in low overall MAPK
activity which was associated with significantly reduced adenoma growth. Thus, the AT1
versus AT2 cell of origin dictates a divergent anti- versus pro-tumor response, respectively,
to Wnt activation on KrasG12D-driven lung adenomas.

ERK augmentation increases AT1 cell transformation efficiency, adenoma size and
histological progression

To map the molecular progression of AT1 lung adenomas, we analyzed the SCRNA-seq
expression of selected genes in tumor cells from Hopx-CreER, KrasLSL-G12D, R26mTmG
mice over ‘early’ and ‘late’ tumor pseudotime stages. In addition to MAPK pathway

target genes, we considered AT1, AT2, and lung embryonic progenitor markers; gastric
epithelial markers; and AT2-to-AT1 ‘transitional’ markers that are transiently upregulated in
intermediates during AT2 to AT1 transdifferentiation after acute lung injury. This analysis
revealed the emergence and progressive increase of early (Jun, Fos) and late (C/u) ERK
target genes?3 that correlated with increased proliferation in ‘late’ stage AT1 tumor cells
(Figure 3a-b). We therefore hypothesized that ERK is a key driver of AT1 adenoma
progression and that its relative lack of activity in KrasG12D-induced AT1 cells underlies
their indolent growth. To test this idea, we provided chow containing either PLX4720,

an agonist of ERK signaling; PD0325901, an inhibitor of MEK1/2 (directly upstream of
ERK); or no additives to Hopx-CreER, KrasLSL-G12D mice for 11 weeks starting one week
after tamoxifen administration24. Staining for pERK confirmed successful augmentation
and inhibition in ERK in AT1 tumors, and quantitation revealed a strong correlation of
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adenoma number and size with ERK activity level. Histological analysis showed that ERK
augmentation more than doubled the proportion of lepidic adenomas containing a nodular
component (Figure 3c). This experiment thus revealed that ERK pathway activation both
promotes adenomatous transformation of AT1 cells and drives tumor progression.

Examination of other classes of transcripts at the ‘late” tumor pseudotime stage revealed
that AT1 tumors became molecularly dysregulated with induction of gastric epithelial
markers mirroring late stages of AT2-derived lung adenomas2°26, However, one notable
finding here is that Nkx2-1 continued to be expressed when gastric markers emerged,
including GknZ2, Ctse, and Hnf4a, which we corroborated at the protein level by antibody
staining (Figure 3a, d). This result differs from what has been reported previously, where
emergence of gastric markers corresponds with lung-to-gastric reprogramming from the loss
of Nkx2-12527_Qur “late’ tumor stage analysis also revealed emergence of transcription
factors expressed by embryonic lung epithelial tip progenitors, /d228 and Sox%° (Figure
3e) and of genes normally expressed by cellular intermediates transitioning from AT2

to AT1 phenotype after bleomycin lung injury, including Clan4 and Krt839-32, These AT2-
to-AT1 “transitional’ markers overlap with a panel of LuUAd ‘plasticity’ markers recently
identified in advanced stage AT2-derived tumors26. We used the defining markers from each
of four primary scRNA-seq studies as a reference gene set of the respective transitional

and plasticity states. We scored these gene sets in our SCRNA seq data and found strong

and exclusive enrichment at the “late’ tumor pseudotime stage (Figure 3f, Supplemental
Data). Interestingly, as mentioned above, the AT2-to-AT1 “transitional’ markers were not
induced in intermediates during the earlier AT1-to-AT2 reversion pseudotime stage. Overall,
rather than switching from lung to an alternate endodermal lineage identity, advanced stage
AT1 adenoma cells failed to maintain repression of embryonic lung progenitor and gastric
epithelial genes. Another notable finding was that significant transcriptional heterogeneity
between individual AT1 adenoma cells rapidly emerged after the iAT2 pseudotime stage.
This molecular diversity may correlate with a recently described transient plasticity state that
emerged upon loss of a stable AT2 cell state in a KrasG12D induction and Trp53 deletion
model of LuAd33.

We next correlated molecular with histological features by staining AT1-derived adenomas
in which ERK activity had been augmented. The results showed highly proliferative tumor
cells that lacked the AT2 cell marker LAMP3 in the nodular component of mixed adenomas
(Figure 3g). Necrosis and mucinous transformation of large adenocarcinoma tumors was
also evident (Figure 3h). Loss of the AT2 marker LAMP3 also correlated with induction of
mucin gene expression, but as with gastric marker expression this was not associated with
loss of Nkx2-1 (Figure 3i).

Human lepidic and non-lepidic LUAd share molecular features with AT1- and AT2-derived
adenomas, respectively

The idea that human lepidic LuAd may be similarly regulated (and perhaps also originate
from AT1 cells) is appealing because they share a unique histology and remarkable
indolence with AT1-derived mouse lepidic LuAd. We collected lepidic and non-lepidic
human LuAd surgical specimens and characterized MAPK signaling by immunostaining
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as we did for AT1- and AT2- derived mouse tumors. In patients, lepidic LuAds are only
rarely resected before they have developed an additional low grade histological component,
which is typically acinar34. We therefore considered lepidic LuAd as the lepidic portion

of any resected cancer that was interpreted by a pathologist as having a significant lepidic
component. We considered non-lepidic LUAd as a resected cancer that entirely lacked a
lepidic component on comprehensive pathologic examination. This analysis revealed that
human lepidic LUAd was significantly less proliferative with minimal ERK activity in tumor
cells compared with non-lepidic LUAd. By contrast, INK was equally active in lepidic

and non-lepidic cancers (Figure 4a). Notably, our human LuAd specimens included diverse
genotypes with mutations in KRAS, EGFR, TP53, MET, MAPK21, NF1, NF2, CDH1,
STK11, ARID1A, and KEAPL.

We next searched The Cancer Genome Atlas (TCGA) and published literature for human
LuAd gene expression datasets with profiles of only lepidic tumor cells. We identified

a single report that had employed laser capture microdissection with accompanying
histological annotation3®. We identified and segregated LuAds from this dataset into two
groups: those that were > 80% lepidic (lepidic) or no evidence of lepidic histology
(non-lepidic). We evaluated the transcriptional profile of these two groups with Gene Set
Enrichment Analysis (GSEA) and conducted unbiased pathway enrichment analysis of
differentially expressed genes between the two groups with g:Profiler. GSEA with BioCarta
pathway gene sets demonstrated that MAPK and ERK signaling are enriched in non-lepidic
tumors. Indeed, several of the most highly differentially expressed genes in non-lepidic
human LuAd cells were components of the MAPK pathway, namely MAPK6, MAPKAPS,
and MAPZKI. This biology closely matches that of the mouse, in which non-lepidic
AT2-derived tumors have much higher levels of MAPK signaling. Interestingly, unbiased
pathway enrichment analysis of differentially expressed genes in the lepidic tumor group
revealed that peptidyl-tyrosine dephosphorylation was enriched in lepidic tumors, suggesting
a potential role of phosphatase activity in suppressing receptor tyrosine signaling (Figure
4b).

We reasoned that if human lepidic and non-lepidic tumors respectively originate from

AT1 and AT2 cells, they might replicate the biology of mouse tumors, namely that Wnt
signaling inhibits the former and promotes the latter (see Figure 2e). We thus performed
GSEA of human LuAd which revealed TCF-dependent Wnt signaling was highly enriched
in non-lepidic tumors. We then examined the list of most highly differentially expressed
genes between these groups for Wnt pathway genes. This analysis revealed two inhibitors
of Wnt signaling, DKK2and AMERZ, whose expression was enriched in lepidic human
tumors (Figure 4c). We also identified a human lung cancer dataset that included detailed
histological annotation of tumors with comprehensive mutational profiling38. We regrouped
these samples into those with lepidic and non-lepidic histology and extracted all the Wnt
pathway mutations in each group. The results showed that none of the 88 lepidic tumors
but 28 out of 516 non-lepidic tumors harbored OncoKB-annotated driver mutations in
Whnt pathway genes. Remarkably, each of the 28 mutations was annotated by OncoKB

as augmenting Wnt signaling (Figure 4d, Supplemental Data). Hence, the human tumor
analysis strongly corroborated multiple aspects of the mouse biology including elevated
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MAPK activity and Wnt signaling, and enrichment for Wnt augmenting mutations in non-
lepidic tumors.

Our molecular analysis of mouse LuAd identified aberrant co-expression of lung and
gastric markers by individual AT1-derived tumor cells. We therefore asked if tumor cells
with combined lung and gastric gene expression were also present in human lepidic

LuAd. We did so by co-staining for NKX2-1, MUC5AC and gastric epithelial markers
Cathepsin E (CTSE) and HNF4A in human lepidic tumors, both with and without mucinous
transformation. This analysis revealed that the mucinous portion of human lepidic tumors
expressed lower levels of NKX2-1, matching the observation in mouse that Nkx2-1
haploinsufficiency results in mucinous transformation (Figure 4e)37. Invasive mucinous
human LuAd foci by contrast were marked by loss of NKX2-1 and co-expression of
MUCSAC and the gastric marker CTSE, mirroring the gastric transdifferentiation found

in mouse to result from loss of Nkx2-12527 (Figure ED 4a). However, we also repeatedly
observed in human LuAd the aberrant population we discovered in mouse, namely tumor
cells expressing gastric markers without having lost lung identity. These “lung/gastric
hybrid” cells were present in mucinous and non-mucinous human lepidic LuAd (Figure

4e) and in invasive mucinous non-lepidic LuAd (Figure ED 4a) and therefore appear to be a
previously unrecognized constituent of human LuAds.

Human lepidic LUAd tumors harbor squamous cells co-expressing AT1 and AT2 cell
markers that also carry the driver oncogene

Lastly, we focused on examining the possibility of an AT1 cell of origin for human lepidic
LuAd within the confines of what is experimentally tractable by retrospective analysis. We
began by analyzing the expression of AT1 and AT2 cell type markers in tumor-remote
(histologically normal) human lung and at the tumor margins of lepidic and non-lepidic
LuAds. We used only antibodies against membrane proteins to illuminate cell morphologies
and mitigate the risk of ‘false negatives’ from trying to visualize the miniscule cytoplasmic
compartment of flat AT1 cells. We confirmed appropriate co-exclusive staining of flat

AT1 and cuboidal AT2 cells in tumor-remote alveolar regions (Figure 4d, top row). By
contrast, we found squamous cells co-expressing AT1 and AT2 markers at the periphery

of human lepidic LuAd tumors (Figure 4d, bottom row). Intriguingly, these cells could
represent residual tumor progenitors analogous to the AT1-derived morphological and
molecular ‘intermediates’ that co-express AT1 and AT2 markers with KrasG12D induction
in mouse (see Figure 1f-h). However, they could also be non-tumor cells whose aberrant
gene expression profile results from the altered microenvironment of the tumor.

To determine whether these ‘intermediate’ cells were within the tumor lineage or merely
bystanders, we took advantage of a commercially available antibody against EGFR L858R,
a relatively common LuAd driver oncogene. EGFR L858R carries a point mutation in the
sequence encoding the activation loop that results in markedly increased kinase activity38.
We identified three lepidic LuAd patient samples with this driver mutation which we stained
for EGFR L858R along with AT1 and AT2 cell membrane markers. EGFR L858R strongly
stained the cuboidal tumor epithelial cells that expressed AT2 but not AT1 cell type markers.
However, at the margins of all three specimens we detected rare but distinct squamous cells
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carrying the driver oncogene that also co-expressed the AT1 and AT2 markers (Figure 4e,
Extended Data 4b). These results represent only a cytologic and molecular ‘snapshot’ and do
not provide any information about whether these ‘intermediates’ evolved into versus derived
from the tumor. Nonetheless, they do confirm a lineage relationship between phenotypically
distinct cells in human lepidic LuAd that matches the prediction of an AT1 cell of origin
model.

Discussion

Mouse models employing cell type specific oncogene induction have been invaluable

for uncovering the strong propensity of stem or progenitor cells in multiple tissues to
generate cancers3®. Here, we identify a surprising capacity of KrasG12D, a prototypical
pro-proliferative oncogene, to drive adenomatous transformation of terminally differentiated
AT1 cells. The mechanism by which oncogenic Kras accomplishes this feat is by

first directly reprogramming AT1 cells into AT2 stem cells, which are canonical LuAd
progenitors. Our work raises the question of whether acquisition of a stem cell state may
be a generalized mechanism by which non-stem cells can generate cancer. In any case,

cell type specific vulnerabilities are increasingly being implicated in the development of
LuAd*0. Regarding KrasG12D, it has been shown to induce expression of the AT2 cell
marker, Sftoc, in airway Club cells, a process accelerated by MAPK signaling?441. This
positive association of MAPK with AT2 cell state recapitulates lung development, where
FGF signaling drives AT2 cell differentiation of a bipotent embryonic progenitor3:42:43,
For AT1 cells, which unlike Club cells share a direct lineage relationship with AT2 cells,
the AT2 reprogramming by KrasG12D is remarkably comprehensive (see Figure 1e).

In another MAPK signaling context it was shown that co-induction of BRAFV600E ang
Phosphoinositide 3-Kinase (P13K) signaling in AT2 cells rapidly drove dedifferentiation®?.

While AT1-derived LuAd cells molecularly resemble their AT2-derived counterparts, they
nonetheless behave much differently. AT1 tumors are indolent, spread in a lepidic manner,
and are paradoxically inhibited by Wnt activation. Their slow growth and the opposite
response to Wnt of KrasG12D induced AT1 versus AT2 cells is presumably due to
differential molecular circuitry (“hardwiring’) and epigenetic landscape, respectively. The
idea that AT2-like cells generated from AT1 cells produce less aggressive cancers than
primary AT2 cells is somewhat intuitive since terminally differentiated cells presumably
have a smaller repertoire of gene programs available due to silencing by methylation during
terminal differentiation.

Are AT1 cells the source of human lepidic LuAd? While this cannot be definitively
answered, several lines of evidence make this idea appealing. The first is the close
biological similarities we uncover between AT1-derived mouse and human lepidic LuAds.
Both advance indolently in a non-destructive manner and are ERK low compared with
AT2-derived and non-lepidic LuAds. Wnt inhibits progression of lepidic LUAd in mouse,
and human lepidic LuAds are strongly enriched for expression of Wnt inhibitors, which
could result from positive selection for a Wnt-low state. AT2-derived mouse LuAds, by
contrast, are proliferatively responsive to Wnt, which is a feature of normal AT2 cells from
which they likely arisel6. We also identified transcriptomic and mutational signatures in
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human lepidic and non-lepidic LuAds that recapitulate the biology and predictions of our
mouse model. Another intriguing observation is that the periphery of human lepidic LuAds
harbor cells carrying the driver oncogene that resemble mouse Kras-induced AT1 cells in
the process of AT2 reprogramming. Both populations are squamous and co-express AT1 and
AT2 markers. It is also worth noting that although they are less prevalent than AT2 cells,
flat AT1 cells cover > 95% of the alveolar surface area and are thus continually exposed

to inhaled toxins#®. In this regard, it is interesting that a subset of AT1 cells appeared to

be entirely unresponsive to expression of oncogenic KrasG12D over ten months. It may

be that initiation of AT2 cell reprogramming and subsequent adenoma formation by AT1
cells requires a specialized intrinsic capacity and/or a second signal. Such a “two-step”
requirement would serve to protect exposed and long-lived AT1 cells against adenomatous
transformation.

Perhaps our most provocative result is that despite achieving a transcriptional state closely
resembling AT2 cells, Kras-induced AT1 cells demonstrate an opposite and inhibitory
response to Wnt activation from Kras-induced AT2 cells. This observation reveals that
mouse lepidic LuAd tumor cells remain constrained in their emergent malignant potential.
Could human LuAds initiating as lepidic tumors harbor a similar perduring constraint

that transcriptionally comparable tumor cells in non-lepidic cancers do not have? Current
society guidelines recommend to only consider the invasive portion of a lung adenoma
when measuring the tumor size for staging, leaving out the lepidic portion#6:47. However,
multiple groups including ours have reported that the presence of even a small ground-glass
tumor component visualized on CT scan, which corresponds to lepidic histology, predicts
markedly improved survival compared to a pure non-lepidic tumor at the same stage#8-51.,
While there is consideration of incorporating the predominant and high grade histological
patterns into LuAd staging®2, integrating the ground glass or lepidic features of LuAds
remains controversial®3. If the human biology matches the mouse, there may be a molecular
explanation for why non-lepidic LuAds with a small lepidic component might portend a
more favorable outcome for some patients, namely, that it betrays an AT1 cell of origin.

Materials and Methods

Transgenic mice

Expression of estrogen-inducible Cre recombinase (Cre-ERT?2) for conditional, cell-type
specific targeting in vivo in mixed strain backgrounds used the following gene-targeted Cre
alleles: Hopx-CreERL, expressed by AT1 cells, and Sfipc-CreER? or Sfipc-CreER-rtTA?,
expressed by AT2 cells. Conditional KrasG12D induction in AT1 and AT2 cells was
achieved through Cre-dependent removal of a stop codon preceding a G12D mutant Kras
allele in the endogenous locus®. Conditional activation of Wnt signaling was achieved
through Cre-dependent deletion of Exon3 of Ctnnb1 using a “floxed” allelel. Cells

were fluorescently tagged using the R26mTmG Cre-dependent reporter allele, in which
recombination switches expression from membrane-targeted Tomato to mGFP®. Induction
of Cre-ERT2 alleles was accomplished by intraperitoneal injection of 1-4 mg tamoxifen
(Sigma) dissolved in corn oil by sonication and stored in aliquots at —80C. Genotyping was
performed by PCR of DNA extracted from ear or toe clips using published primer sets. All
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experiments were performed using adult animals, between two and 14 months of age. Mice
were housed in filtered cages and all experiments were approved by the Institutional Animal
Care and Use Committee at Stanford University.

Human tissue

Human tissue was obtained from excess tissue from lung resections carried out at Stanford
Hospital for suspected or confirmed lung adenocarcinoma. Informed consent was obtained
from adult participants under a protocol approved by the Stanford Institutional Review
Board.

Lung isolation, fixation, staining, and imaging

Mice were euthanized by carbon dioxide inhalation, the abdominal aorta severed, and
sternotomy performed. Phosphate buffered saline (PBS; Ca2*- and Mg2*-free, pH 7.4)

was perfused at a flow rate of 7.5 ml/min into the right ventricle using a 25-gauge

needle attached to a digital pump (Ismatec) to clear the pulmonary vasculature. Following
cannulation of the trachea, the lungs were gently inflated with 2% ultra-low gelling
temperature agarose (Sigma) until visualization of complete distention of the accessory
lobe, then removed en bloc and submerged in ice-cold PBS. Individual lobes were dissected
then processed for fixation. For whole mount imaging, the left and right upper lobes were
separated and trimmed to create a flat base, glued to a tissue disk with cyanoacrylate, then
submerged in ice-cold PBS and sliced at a thickness of 600um using a vibrating microtome
(Leica). For direct imaging without immunostaining, slices were fixed in paraformaldehyde
(PFA, 4% in PBS) overnight at 4C then stored in 80% glycerol at 4C. For a subset

of specimens, the right middle lobe was fixed in paraformaldehyde (PFA, 4% in PBS)
overnight at 4C then stored in Scale clearing agents. For whole mount immunofluorescence
staining, slices were fixed in methanol:dimethylsulphoxide (DMSO) (4:1) with rocking
overnight at 4C, then dehydrated in methanol and stored at —20C until staining. For
immunohistochemistry and RNA in situ hybridization, the right middle or accessory lobes
were immediately fixed in 4% PFA in PBS with 5 mM EDTA, 10 mM Citrate, and
PhosSTOP (Roche) overnight at 4C, transferred to 30% sucrose in PBS at 4C overnight, then
submerged in optimal cutting temperature compound (OCT, Fisher) in an embedding mold,
frozen on dry ice, and stored at —80C. 14um sections were then obtained using a cryostat
(Leica CM3050) and collected on glass slides. For H&E, the right lower lobe was fixed
overnight in 4% PFA in PBS overnight then transferred to 70% ethanol prior to embedding
in paraffin.

For transmission electron microscopy, the agarose-inflated right middle lobe and left lobe
were sectioned on a vibratome, then sections examined on a widefield microscope for areas
of mGFP™ cells were identified. These sections of interest were then fixed for one hour
with Karnovsky’s fixative: 2% Glutaraldehyde (EMS Cat# 16000) and 4% Formaldehyde
(EMS Cat# 15700) in 0.1M Sodium Cacodylate (EMS Cat# 12300) at pH 7.4. The sections
were then placed in cold/aqueous 1% Osmium tetroxide (EMS Cat# 19100) and allowed to
warm to room temperature (RT) over two hours rotating in a hood. They were then washed
three times with ultrafiltered water, then stained en bloc in 1% Uranyl Acetate at RT for
two hours while rotating. Samples were dehydrated in 50% EtOH at room temperature,
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then 70% EtOH at room temperature, and then moved to 4°C overnight. They were next
submerged in ice cold 95% EtOH and allowed to warm to RT, changed to 100% two times,
then placed in Propylene Oxide (PO) for 15 min. Samples were infiltrated with EMbed-812
resin (EMS Cat#14120) mixed 1:2, 1:1, and 2:1 with PO for two hours each while leaving
samples in 2:1 resin:PO overnight rotating at RT in the hood. The samples were then placed
into EMbed-812 for two to four hours then transferred into molds with fresh resin, oriented
and placed into 65°C oven overnight. Sections were made to around 80nm using a UC7
microtome (Leica, Wetzlar, Germany), picked up on formvar/Carbon coated 100 mesh Cu
grids, stained for 40 seconds in 3.5% Uranyl Acetate in 50% Acetone followed by staining
in Sato’s Lead Citrate for two minutes. Tissue was examined using the JEOL JEM-1400
120kV and images obtained using a Gatan Orius 832 4k X 2.6k digital camera with Qum
pixel.

Human tissue specimens were fixed in 10% neutral buffered formalin with 5 mM EDTA, 10
mM Citrate, and PhosSTOP (Roche) overnight at 4C. They were placed in 30% sucrose in
PBS overnight then submerged in OCT in an embedding mold, frozen on dry ice, and stored
at —80C. 8um (for IHC) and 5um (for H&E) sections were obtained using a cryostat (Leica
CM3050) and collected on glass slides.

In vivo pharmacological agonism and inhibition of ERK signaling

Hopx-CreER > KrasLSL-G12D, R26mTmg mice between the ages of 2.5 and 9 months
were administered a single intraperitoneal injection of tamoxifen at 0.1 mg/gm. Eight days
after injection, mice were initiated on a diet of either control chow (n=3, AIN-76A) or chow
compounded with PLX4720 (n=6, 417mg/kg, Plexxikon) or PD0359501 (n=5, 7mg/kg,
ApexBio). Chow was compounded by Research Diets in New Brunswick, NJ. The mice
were sacrificed and processed as above 90 days after tamoxifen administration.

Immunohistochemistry

Immunofluorescence was performed as previously described®. Secondary antibodies
conjugated to an Alexa Fluor dye (A488, A555, or A633; Invitrogen) or streptavidin
conjugated to Atto490LS were used. DAPI (5 ng/ml, Sigma) was included during
incubation with secondary antibodies. For detection of phosphorylated c-JUN/JUND and
ERK, a horseradish peroxidase conjugated secondary antibody was used (Invitrogen)
against a phospho-specific antibody and detected by tyramide signal amplification (TSA,
Biotium). Lycopersicon esculentum lectin (1:500, Vector DL11781) was pre-conjugated

to DyL.ight-649. Primary antibodies were against the following antigens: AGER (rat,

1:500, R&D MAB1179), AGER (goat, 1:250, R&D AF1145), p-cJUN (rabbit, 1:100, Cell
Signaling 9164), CTNNB1-FITC (mouse, 1:250, BD Transduction Laboratories 14), CTSE
(goat, 1:250, R&D AF1130), EGFR L858R (rabbit, 1:100, Cell Signaling 43B2), p-ERK1/2
(rabbit, 1:100, Cell Signaling 9101), FITC-Alexa488 (goat, 1:250, Invitrogen A11096),
GFP (chicken, 1:500, Abcam 13970), GKN2 (rabbit, 1:250, Abcam EPR15377B), HT2-280
(mouse, 1:500, Terrace Biotech), Ki67 (rabbit, 1:100, Abcam 16667), LAMP3 (guinea pig,
1:500, Synaptic Systems #391005), MUC1 (rabbit, 1:500, Novus NBP160046), NKX2-1
(rabbit, 1:100, Abcam EPR5955), NKX2-1 (mouse, 1:100, Leica Novocastra SPT24), PDPN
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(hamster, 2 pg/ml, DSHB 8.1.1), PDPN-biotin (hamster, 1:250, eBioScience 8.1.1), pro-
SPB-biotin (mouse, 1:500, Labvision SPB01), pro-SPC (rabbit, 1:500, Millipore AB3786).

In situ RNA detection

Multiplex in situ RNA hybridization was performed by Proximity Ligation In Situ

Hybridization (PLISH) as previously described’. The following sets of primer pairs were

used to detect transcripts of the indicated genes:

Abca3—5’AGGTCAGGAATATTCATATTGGTACGG tcgttcaggcttagcttcag3d’

5’gcacaaccgttctaccatac TCCAGCATGGAAGATTATAGCCAGGTT3’
5’AGGTCAGGAATATTCATATTGGTACGG accagcgtcatgtggtagcc3’
5’gattgcagtgeggttctttt TCCAGCATGGAAGATTATAGCCAGGTT3’
5’AGGTCAGGAATATTCATATTGGTACGGtgggggggcgcegtcggageg3’
5’gctecggeteetggagggggTCCAGCATGGAAGATTATAGCCAGGTT3?
5’AGGTCAGGAATATTCATATTGGTACGGtcagcctggtataagetgtg3d’
5’cgacaggatgttgaatatggTCCAGCATGGAAGATTATAGCCAGGTT3’
5’AGGTCAGGAATATTCATATTGGTACGGtaaacagtggcattgggcac3’
5’cctggatggactggtccgggTCCAGCATGGAAGATTATAGCCAGGTTS’
5’AGGTCAGGAATATTCATATTGGTACGGtcatacaccttggagagctc3’
5’caaggagcggtgctcgctggTCCAGCATGGAAGATTATAGCCAGGTT3’
5’AGGTCAGGAATATTCATATTGGTACGGtgaagtcgcctggegtcage3d’
5’tgtcactgcaaggctacgggTCCAGCATGGAAGATTATAGCCAGGTT3’
5’AGGTCAGGAATATTCATATTGGTACGGttgatcttgattccagctac3’
5’ggaacaccttggagagatgcTCCAGCATGGAAGATTATAGCCAGGTT3’
5’AGGTCAGGAATATTCATATTGGTACGGtcccgccactggatgeccagt3’

5’cgttgacagggttgaggagg TCCAGCATGGAAGATTATAGCCAGGTTS’

Ager—5’AGGTCAGGAATACTTAGCTATTGATGGtcatcgacaattccagtgge3’

5’cccgacaccggaaagtccccTTCTGTGTAGACGACTATAGCCAGGTTS’
5’AGGTCAGGAATACTTAGCTATTGATGGtttgccatcgggaatcagaa3’

5’tcttccttcacgagtgtttc TTCTGTGTAGACGACTATAGCCAGGTT3’
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Egfp—5’AGGTCAGGAATATGACTTTTCCGCGGGtgctggtagtggtcggegag3d’
5’cgtcgeegatggggotgttc TCTTTTTGTAACAATTATAGCCAGGTTS?
5’AGGTCAGGAATATGACTTTTCCGCGGGatagacgttgtggctgttgt3’
5’ttctgcttgtcggecatgatTCTTTTTGTAACAATTATAGCCAGGTT3?
5’AGGTCAGGAATATGACTTTTCCGCGGGttgtacagctcgtccatgec3’
5’tagagtcgcggecgctttacTCTTTTTGTAACAATTATAGCCAGGTT3?
5’AGGTCAGGAATATGACTTTTCCGCGGGacgtcgccgtccagetcgac3’
5’cgctgaacttgtggecgtttTCTTTTTGTAACAATTATAGCCAGGTTS’
5’AGGTCAGGAATATGACTTTTCCGCGGGaggtcagggtggtcacgagg3d’

5’gctgaagcactgcacgccgtTCTTTTTGTAACAATTATAGCCAGGTTS’

Hopx—5’AGGTCAGGAATAAGCGACAAGTTTGGG actaggttgctticcaaggts’

5’ttggaatccatagctgcta TAGGAGCGACGACGATATAGCCAGGTT3’

5’ AGGTCAGGAATAAGCGACAAGTTTGGGatgaattactactggaaggt3’
5’ctctgaaggggatggtccat TAGGAGCGACGACGATATAGCCAGGTTS’
5’AGGTCAGGAATAAGCGACAAGTTTGGGtgaccgccgcecactetgeca3’
5’cattccgaaggcaagccttc TAGGAGCGACGACGATATAGCCAGGTT3’
5’AGGTCAGGAATAAGCGACAAGTTTGGGtgtctgcttaaatagectge3’
5’aagcagcggatgctggtgcc TAGGAGCGACGACGATATAGCCAGGTTS?
5’ AGGTCAGGAATAAGCGACAAGTTTGGGtgggagtgcacgctcaagcas’
5’tcgcacgttttatttacgccCTAGGAGCGACGACGATATAGCCAGGTT3’
Pdpn—5’AGGTCAGGAATAGGACAACAAGGTCGGatgttaaaaatttagttttc3’
5’aatcatcgatcataacattt TCAGCGCTAATCACATATAGCCAGGTT3’
5’AGGTCAGGAATAGGACAACAAGGTCGGtaccagaggtgccttgccag3’
5’ccacgctctctctgegttggTCAGCGCTAATCACATATAGCCAGGTTS’
5’AGGTCAGGAATAGGACAACAAGGTCGGtgaacccatggttacagttg3d’

5’gtaatagggactggccagggTCAGCGCTAATCACATATAGCCAGGTT3?
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5’AGGTCAGGAATAGGACAACAAGGTCGGtcggtctgacttcctatact3’
5’aggcaggtgttagaaactggTCAGCGCTAATCACATATAGCCAGGTT3’
5’AGGTCAGGAATAGGACAACAAGGTCGGtaccaacacagacgaccaag3’
5’gatgtctacactgtattgggTCAGCGCTAATCACATATAGCCAGGTT3’
5’AGGTCAGGAATAGGACAACAAGGTCGGtcgggaggaggttggaagge3’
5’caggcccagecgggaagagc TCAGCGCTAATCACATATAGCCAGGTTS?
5’AGGTCAGGAATAGGACAACAAGGTCGGtcgttggagectcageaget3’
5’gcacggtccacatcttgatc TCAGCGCTAATCACATATAGCCAGGTT3’
5’AGGTCAGGAATAGGACAACAAGGTCGGatgattccaaccagggtgac3’
5’tggctaacaagacgccaact TCAGCGCTAATCACATATAGCCAGGTTS3?
5’AGGTCAGGAATAGGACAACAAGGTCGGattttcagatgtgttgggag3’
5’ggcaagttggaagctctcttTCAGCGCTAATCACATATAGCCAGGTTS3?
5’AGGTCAGGAATAGGACAACAAGGTCGGtgagggcttgagtcctaggg3’

5’ccagaaagatgcagctgatc TCAGCGCTAATCACATATAGCCAGGTT3’

Sftpc—5’AGGTCAGGAATAGGACAACAAGGTCGG tggcccgtaggagagacacc3’
5’cttttgtgataggatccccc TCAGCGCTAATCACATATAGCCAGGTTS3?
5’AGGTCAGGAATAGGACAACAAGGTCGGaatccggtggactctccatc3d’
5’gctcctgggacctgecgagtTCAGCGCTAATCACATATAGCCAGGTTS?

5’ AGGTCAGGAATAGGACAACAAGGTCGGatgtttttgactcatgtggas’

5’atctcaaggaccatctcagtTCAGCGCTAATCACATATAGCCAGGTT3’

Page 15

After staining, vibratome slices were transferred onto Chambered Coverglass (#1.5, Lab-

Tek) and submerged in Vectashield (Vector). Cryotome sections were sealed by #1.5

Coverglass (Fisher) with nail hardener (Sally Hansen). Images were acquired using a Leica
Sp8 inverted laser scanning confocal microscope with LAS X Software. Tiled images in

Figure 2A were acquired using the THUNDER imaging system (Leica) on an inverted
microscope. Images were processed (pseudocolored, contrast adjusted, overlaid) using

ImageJ (NIH) and Imaris 9.3-9.9 (Oxford). Quantification of H&E tumor characteristics
as well as immunohistochemistry was performed in QuPath (University of Edinburgh).®

Nature. Author manuscript; available in PMC 2023 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juul et al.

Page 16

Fluorescence Activated Cell Sorting (FACS)

Digestion buffer was prepared with elastase 4 U/mL (Alfa Aesar aqueous porcine elastase),
Collagenase 1 200 U/mL, Dispase 5 U/mL (Corning), and DNAse 1 4 U/mL (Worthington)
in HBSS with Calcium and Magnesium. Mice were sacrificed and dissected as above. After
the trachea was cannulated, approximately 2.5 mL of digestion buffer was used to inflate the
lungs, after which the trachea was tied off and the lungs dissected out en bloc and placed

in a petri dish at RT for 40 minutes. The trachea and large airways were then excised, and
the lobes separated followed by mincing with a razor. The cells were passed through 100
um and 40 pm filters pre-wetted with FACS buffer (2% fetal bovine serum in PBS). The
cells were treated with ACK lysis buffer for three minutes prior to being stained with the
following fluorochrome-conjugated antibodies: CD45 (BD, clone 30-F11), TER119 (BD,
clone 17), CD31 (BD, clone 13.3), EPCAM (BD, clone G8.8), PDPN (Biolegend, clone
8.1.1), AGER (Novus, MAB1179). Sytox (Invitrogen) was used for staining dead cells. Live,
lineage-tagged epithelial cells were sorted into 96 well plates holding lysis buffer using a
BD FACS Aria Il instrument.

Single Cell RNA Sequencing

Single cells were sorted into 2uL of lysis buffer containing RNAse inhibitor (1 U/pL,
Clontech, cat. #2313B), 0.1% Triton X-100 (Servo, cat # 39795.01), 2.5 mM dNTP (Thermo
Fisher Scientific, cat. #10297018), 2.5 uM oligo dT30VN (Integrated DNA Technologies,

5 -AAGCAGTGGTATCAACGCAGAGTACT30VN-3’), and 1:600,000 ERCC (external
RNA controls consortium) RNA spike-in mix at 1:600,000 (Thermo Fisher Scientific, cat.
#4456739) in UltraPure water (Thermo Fisher Scientific, cat. #10977015)1. Immediately
after storing, plates were centrifuged at 4200 RPM for 30 seconds, snap frozen on dry

ice and then stored at —80°C. Reverse transcription (RT) and cDNA pre-amplification

was performed using the SmartSeq?2 protocol. Briefly, lysis plates were thawed on ice

and incubated at 72°C for 3 minutes then immediately snap chilled on ice to anneal the
oligo dT30VN primer. 3 L of RT mix (SMARTScribe™ Reverse Transcriptase (Takara

# 639538), 0.5 U/uL recombinant RNase inhibitor (Takara, cat. #2313B), First Strand
Buffer, 8 mM dithiothreitol (DTT) (Promega, cat. #P1171), 1M Betaine (), 2.5 mM MgCI2
(Thermo Fisher Scientific, cat. #AM9530G), and 2 uM TSO (Integrated DNA Technologies,
5'-AAGCAGTGGTATCAACGCAGAGTGAATIGrGrG-3") in UltraPure water) was added
to each well. The plates were incubated in a C1000 Touch Thermal Cycler (BioRad) at 42°C
for 90 min, and then 70°C for 15 min to terminate the reaction. 7.5 uL of PCR mix(KAPA
HiFi HotStart ReadyMix (Kapa Biosystems, cat. #KK2602) and 0.1 uM IS PCR primer
(Integrated DNA Technologies, 5'-AAGCAGTGGTATCAACGCAGAGT-3") in UltraPure
water) was added to each well and cycled using the following program: (1) 98°C for 3 min,
(2) denaturing at 98°C for 20 sec, (3) annealing at 67°C for 15 sec, (4) elongation at 72°C
for 6 minutes, (5) repeat from step 2 28 times, and (6) 72°C for 5 minutes. Preamplified
cDNA was then purified using 0.8X volume of calibrated AMPure XP beads (Beckman
Coulter, cat. #A63882) to remove residual reaction components and oligos smaller than

400 base pairs, and eluted in 12.5 pL UltraPure water. From the purified cDNA, 1 uL was
taken for quality control for each well. cDNA concentration and size distribution for each
well was determined on a capillary electrophoresis-based Fragment Analyzer (Advanced
Analytical). Wells with a concentration less than 1.7 ng/uL were excluded; this cutoff was
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determined by measuring the concentration blank wells with ERCC but no sorted cell.

The wells within the 96 well plates with cDNA concentration above the cutoff value were
then consolidated and reformatted to a new 384 well plate using the Mosquito X1 liquid
handler (SPT Labtech), such that in the destination 384 well plate each well’s concentration
was also normalized to a desirable concentration range of 1.7-4.0 ng/uL by diluting with
UltraPure water. Normalized cDNA was used to prepare lllumina sequencing libraries.
Tagmentation was performed by combining 0.4 pL cDNA with 1.2 pL IHlumina Nextera
XT (cat. #FC-131-1096) ATM+TD buffers. After incubation at 55 °C for 10 minutes, 0.4
UL NT buffer was added to each well to stop the reaction. Indexing PCR reactions were
performed by adding 0.4 pL of 5 uM i5 indexing primer, 0.4 puL of 5 uM i7 indexing

primer (Integrated DNA Technologies, custom made 7680-plex unique dual index-primer
set), and 1.2 uL. NPM buffer. PCR amplification was performed on a C1000 Touch Thermal
Cycler (BioRad) using the following program: (1) 72°C for 3 min, (2) 95°C for 30 sec,

(3) denaturing at 98°C for 10 sec, (4) annealing at 67°C for 30 sec, (5) elongation at 72°C
for 60 sec, (6) repeat from step 3 10 times. For each 384 well plate, 1 uL was taken from
each well for pooling, followed by purification using 0.8X volume of AMPure XP beads
(Beckman Coulter, cat. #A63882). The 384-cell library pool from each plate was analyzed
for concentration and size distribution using Fragment Analyzer (Advanced Analytical).
Six 384-cell library pools were then normalized for concentration, further pooled to get a
2100-plex library pool, which was purified once more and concentrated using 0.8X AMPure
beads. The final 2100-plex library pool was then sequenced on a NovaSeq 6000 S4 flow cell
(Illumina) to obtain ~1-2 million 2x150 base-pair paired-end reads per cell.

Sequences were demultiplexed using bcl2fastq version 2.19.0.316. 3’ adapter sequences
were removed from reads using skewer v0.2.2,3 and aligned to the M27 genome (Gencode
version GRCm39) with STAR aligner version 2.6.1d using 2-pass mapping. Briefly, as a
first pass, reads for every cell were aligned using STAR genome index generated using the
Gencode transcript annotation for the murine genome. Mapped splice junctions for each
cell from the first-pass mapping were extracted, aggregated together and a new STAR index
was created where any newly discovered splice junctions were included in addition to the
existing Gencode annotation during genome index generation. The new STAR index with all
known and newly identified splice-junctions was then used for second pass read mapping.
Parameters used for STAR mapping were adapted from the ENCODE long-mRNA-pipeline
(https://github.com/ENCODE-DCC/long-read-rna-pipeline) recommendations, also detailed
in the STAR manual. In addition to the ENCODE recommended options we also used the
“--quantMode TranscriptomeSAM?” option during second-pass mapping to generate a bam
file containing a catalog of all reads mapped to the transcriptome. This bam file was used
as input to calculate expression levels of either genes (sum total of expression levels of all
known transcript variants) or individual transcripts using RSEM version 1.3.3 with settings
“--single-cell-prior.” Gene count tables were combined with metadata using the Scanpy
python package v.1.8.2.6 We filtered out genes expressed in fewer than 3 cells, as well

as cells with fewer than 250 detected genes. Cells with greater than 30% mitochondrial
gene reads or greater than 60% ERCC reads or greater than 10% ribosomal gene reads
were removed from the dataset. The data were normalized using size factor normalization
so that every cell has 10,000 read counts, log transformed, and scaled to a maximum
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value of 10. Highly variable genes were computed using default parameters. We then
performed principal component analysis, computed the neighborhood graph, and clustered
the data using the Leiden method. PAGA was used to visualize data, as well as reconstruct
gene expression changes along pseudotemporal trajectories. Step-by-step instructions to
reproduce preprocessing and analysis of data are available on GitHub.

For the feature plots in Figure 3f, score was created using the “score_genes” function in
Scanpy based upon markers stated in the indicated papers (see Supplemental Data).

Human LuAd Microarray Re-analysis

Microarray gene expression data from micro-dissected lung cancer tissues with different
growth patterns (GSE57772) were reclassified according to the percentage of lepidic
histology.? Tumors with 80% or greater lepidic histology were considered “Lepidic” (n=6),
and tumors with no lepidic component were considered “Non-lepidic” (n=21). A list of

top differentially expressed genes, UMAP, and volcano plot were retrieved with GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r/). Benjamini & Hochberg method was used for
P-value adjustment for multiple testing and the significance level cut-off for the volcano plot
was set at 0.005. Unbiased pathway enrichment analysis was conducted using g:Profiler by
entering the top 200 differentially expressed genes in each group with a term size upper
limit of 500.10 For Gene Set Enrichment Analysis (GSEA) of the same data, a ranked

gene list was generated, with non-lepidic having a higher rank. GSEA was performed by
using the R package clusterProfiler (version 4.4.4).11 Gene sets from BioCarta ranging in
size from 25 to 500 were used to probe for pathway activity. The P-value cutoff was 0.05,
and Benjamin-Hochberg correction was done to correct for multiple comparisons. Mutation
data from 604 histologically annotated tumors were accessed by cBioPortal and selecting
‘Lung Adenocarcinoma (MSK, J Thorac Oncol 2020)’ (https://www.cbioportal.org/).12 The
somatic mutations with OncoKB driver annotation and predominant histologic subtypes of
samples were downloaded and grouped into lepidic (n=88) and non-lepidic (h=516) tumors.
Number of patients with Wnt augmenting mutations in these two groups were used to form a
2 X 2 contingency table. Significance was determined with Fisher’s exact test.

Kras Mutation Analysis

Integrative Genomics Viewer v. 2.15.4 was used to manually interrogate Kras transcripts
in the SmartSeq2 single cell RNA sequencing data.13 The .bam files from individual cells
were loaded into the software and Exon 2 was examined for the presence or absence of
transcripts. A cell was considered positive for the mutation if three transcripts included the
G12D-instigating mutation or if a single transcript included the G12D-instigating mutation
in addition to the two other synonymous base pair differences between the knocked-in
human Kras gene and the murine wildtype Exon 2.
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Extended Data

o

AT1-Derived
Hopx-ER>Kras®'®
5m14d post Tamoxifen
Lepidic Human LuAd

AT2-Derived
Sftpc-ER-rtTA>Kras®'?®
1m22d post Tamoxifen

Non-Lepidic Human LuAd

(2]

AT1-Derived
Hopx-ER>Kras®'?®
P T

AT2-Derived
Sftpc-ER-tTA>Kras®'20

Extended Data Figure 1: Histological features of AT1- and AT 2-derived lung adenomas
(a) H&E stains of Hopx-ER>KRASC12D and Sftpc-ER-rtTA>KRASG12D mouse lungs at

5m14d and 1m22d after Kras induction, respectively, showing examples of the lepidic-
predominant histology of AT1 derived adenomas (top) and the non-lepidic histology of AT2
derived adenomas (bottom). Note massive macrophage infiltration of the alveolar lumens in
the lepidic AT1 tumors that extend multiple alveolar spaces beyond the solid AT2 tumors.
(b) H&E stains showing examples of human lepidic and non-lepidic KRAS-driven LUAds.
(c) Exemplary H&E stains of histological classifications of AT1- and AT2-derived tumors as
quantified in the body of the manuscript.

Scale bars, 200 pm (&, c) and 400 pm (b)
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Extended Data Figure 2: Comparison of AT2 and iAT2 cellsand their resulting tumors.
(a) Co-staining of early-stage AT1 adenomas shows absence of AT1 (LEL, AGER) and

presence of AT2 (SFTPB, SFTPC) markers as well as cuboidal morphologies. (b) Feature
plots localizing Axin2* AT2 and iAT2 in single cell RNA sequencing data demonstrating co-
clustering (above) with a heatmap of differentially expressed genes between the two groups
(below). (c) Heatmap of the most differentially expressed genes between AT2>Kras cells
18d after Kras induction and early-stage AT1>Kras cells. Note on PAGA that the early-stage
AT1 and AT2 tumor populations are distinct from normal AT2 and iAT2 (AT1>Kras) cells
and that their trajectories diverge from each other.

Scale bars, 10 um (a)

LEL, Lycopersicon esculentum lectin
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Hopx-CreER>
Kras®'2P

Kras"WT

Extended Data Figure 3: Phospho-JUN expression in AT 1 phenotype cellsin Hopx-
CreER>Kras®12D and Hopx-CreER>KrasW T mice

Immunostaining of AT1 phenotype cells (NKX2-1+/LAMP3-) in Hopx-CreER>KrasG12D
and Hopx-CreER>Kras"WT mice for phosphorylated JUN with quantification of pJUN*
(arrowhead) and pJUN~ (open arrowhead) cells (n=2 WT mice and 4 Kras®12P mice, 3 25x
fields per mouse).

Scale bars, 10 um
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Invasive Mucinous LuAd 1

Invasive Mucinous LuAd 2

AGER (AT1)

EGFR L858R mutant Lepidic LuAd 3

AGER (AT1) A EGFR L858R

Extended Data Figure 4: Heterogeneous molecular statesin invasive mucinous LuAd and driver
mutation-carrying squamous cell in human lepidic LuAd

(a) Co-staining of human invasive mucinous LUAd showing co-expression of MUC5AC
and CTSE by NKX2-1~ tumor cells (arrows). Non-mucinous tumor regions are

molecularly diverse, containing NKX2-1*CTSE™* (open arrowheads), NKX2-1"CTSE*, and
NKX2-1*CTSE™ cells (n=2 individuals). (b) Co-staining of an EGFR L858R mutant human
lepidic LuAd reveals an isolated squamous AGER*Muc1™ cell in the tumor periphery that is
faintly positive for the mutation-specific antibody (arrowhead).

Scale bars, 20 um (a, b lower row) 200 um (b, upper row)
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Figure 1: KrasG12D asynchronously reprograms AT 1 cellsinto AT2AXIN2 gem cells
(a) AT1 membrane marking (GFP, green) shows uniformly flat AT1 cells in control lung

(left) and cells with variable morphologies 6m after Kras induction (right). (b) 2D sections
(top) and 3D reconstructions (below) of Kras-activated AT1 cells at progressive stages of
morphological transition and an AT2 cell (far right). (¢) Schematic of SCRNA sequencing
experiment for Hopx-CreER>Kras®12P mTmG mouse showing asynchronous AT1-to-iAT2
transition and tumor initiation. (d) PAGA of 696 AT1-lineage cells 10m after Kras induction
with pseudotemporal ordering and feature plots of representative genes. (e) Levels of AT1
protein markers (left), AT1 and AT2 cell type markers (middle) and transcription factors
(right) over pseudotime. Multimodal appearance to AGER and PDPN expression as well

as transient drops in expression of Sfipb, Mucl, Cebpa, and Etv5 between pseudotime
groups 4 and 5 are an artifact of splining. (f, g) AT1-to-AT2 intermediates (INT) in intact
lung by immunostaining and (g) multiplex in situ hybridization. (h) Dot plot comparing
lung cell type marker expression in AT2 and iAT2 cells. (i) Representative images show
absence of nuclear R-catenin in AT1 cells (left) and presence in cuboidal Kras-induced

AT1 cells (middle, arrowheads). AxinZ2 feature plot shows absence in AT1 and AT1-to-iAT2
intermediate cells with subsequent emergence at iAT2 stage. (j) Pre-fixation endogenous
fluorescence, toluidine blue stained semi-thin section, and transmission electron microscopy
images demonstrating lamellar bodies in AT1-derived tumor cells. (k) PAGA of Hopx-
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ER>Kras®12D mTmG mouse highlighting 13 AT1-phenotype cells with KrasG12D mutant
transcripts 10 months after recombination.

Scale bars, 100pum (@), 10um (b, f, g, i), or as indicated (j).

iAT2, induced AT2; m, months; INT-1, intermediate cell 1; INT-2, intermediate cell 2;

m, months; PAGA, Partition-Based Graph Abstraction; Tam, tamoxifen; TFs, transcription
factors.
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Figure 2: AT1 derived lung adenomas ar e histologically, molecularly, and functionally distinct
from AT 2 derived adenomas

(a) Lung lobe sections 6m after Kras induction in AT1 cells (left) or 2m after induction

in AT2 cells (middle) with non-solid (open arrowheads) and solid (closed arrowheads)
tumors, and quantitation of tumor cell proliferation (right) (n=3 mice per group, five
tumors per mouse) (b) Representative close-up H&E stain of an AT1-derived mixed
histology adenoma and an AT2-derived solid adenoma with quantification of histology (n=3
mice per group, 9-18 tumors per mouse). (c) PAGA of scRNA-seq profiles of indicated
populations with feature plots of AT1 and AT2 markers - 722 Hopx-CreER>Kras®12D, 305
Sftpc-CreER>Kras®12P, and 428 KrasWT cells. (d) Co-staining for LAMP3 (purple) and
pERK (left, yellow) or pc-JUN (right, yellow) in AT1 (top) and AT2 (bottom) derived
adenomas with quantitation. (n=4 mice for Sftpc-CreER, n=5 mice for Hopx-CreER; 2-5
tumors per mouse; 1-3m after tamoxifen for Sftpc-CreER and 4-6 months after tamoxifen
for Hopx-CreER). (€) H&E stain of lungs with AT1 (top) and AT2 (bottom) derived tumors
in controls (WT) or with concomitant activation of Wnt signaling (loxEx3) at 4m after
Kras induction with quantitation of tumor size and histology (h=2 mice per genotype for
Sftpc-CreER, n=11 mice per genotype for Hopx-CreER; 2-10 tumors per mouse; 2m or
4-6m after Kras induction for Sftpc-ER and Hopx-ER mice, respectively). Open arrowheads
denote lepidic tumors, closed arrowheads denoted non-lepidic tumors. (f) Representative
images and quantitation of proliferation (Ki67), pERK and pJUN in AT1 (top) and AT2
(bottom) derived tumors with (Ex3) and without (WT) activation of Wnt signaling (n= 2
littermate-paired mice per genotype, 5 tumors per mouse, total of 2,041-12,069 tumor cells
per group, 2m and 4m after Kras induction for Sftpc-ER and Hopx-ER mice, respectively).
Tumor size is represented as 1x10° pm2.
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Scale bars, 500 pm (&), 200 um (b), 10 um (d), Imm (€), 20 um (f)

d, days; m, months; ns, not significant; PAGA, Partition-Based Graph Abstraction; pERK,
phosphorylated ERK; pJUN, phosphorylated c-JUN/JUND; scRNA-seq, single cell RNA
sequencing.

Data are meanzs.e.m. P values calculated by Student’s unpaired ¢test.
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Figure 3: ERK drives AT 1 adenoma growth, molecular and histological progression
(a) Single cell profiles over pseudotime reveal emergence of cell-to-cell molecular

heterogeneity at Early tumor stage with progressive increase in ERK target genes, lung
progenitor and gastric markers. (b) Feature plot shows strong enrichment of Mki67 at

Late tumor stage. (c) ERK pathway modulation in Hopx-CreER>Kras®12P mice with
representative H&E stains, pERK staining, and quantitation of tumor area, number and
histology (n=3 mice per group, 3m post tamoxifen with continual chow provision, ten largest
tumors per group for tumor area). (d) Co-staining shows a cluster of GKN2 expressing cells
within a LAMP3* AT1-derived adenoma (above) and AT1-derived tumor cells with normal
(arrowhead), reduced (open arrowhead) and absent (asterisk) NKX2-1 expression all positive
for CTSE. (e) Maintenance of Nkx2-1 with induction of distal lung embryonic progenitor
markers Sox9and /a2 at Late tumor stage. (f) Gene scores derived from marker genes for
high plasticity state in advanced AT2-derived Kras LUAd and for AT2-to-AT1 transitional
intermediates in lung injury show enrichment in the same cluster of cells bridging Early

and Late AT1 tumor stages. (g) Large ERK-activated AT1 LuAd with loss of Lamp3 in
clusters correlating with increased proliferation, with quantitation. (n=5 areas LAMP3~/*).
(h) Representative ERK-activated AT1 LuAds with central necrosis (left) or mucinous
transformation (right). (i) Co-staining shows MUCS5AC in the cytoplasm of NKX2-1* tumor
cells (arrowheads) and filling a lumen (arrow).

Scale bars, 10 um (d, i), 2mm and 20 pm (f), 200 um (h).

PD, PD-0325901 compounded chow; PLX, PLX-4720 compounded chow; Ctl, control
chow.

Data are meanzs.e.m. P values calculated by ordinary one-way ANOVA (f) and Student’s ¢

test ().
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Figure 4: Human lepidic L uAds share histological and molecular featureswith mouse AT1
derived LuAds

(a) Representative images of human lepidic (top) and non-lepidic (bottom) LuAd stained
for proliferation (Ki-67), pERK and pc-JUN (n=5 individuals per group). (b) GSEA
evaluating BioCarta pathways of cDNA microarray data from Zabeck et a/. of lepidic and
non-lepidic LuAds shows enrichment of MAPK and ERK activity in non-lepidic tumors
(n=6 lepidic and 21 non-lepidic LuAds) (left). GSEA plot of the BioCarta MAPK pathway
(center). Volcano plot of differentially expressed genes in the lepidic and non-lepidic groups
highlighting members of the peptidyl-tyrosine dephosphorylation GO, PTPRR, DUSPI0,
and DUSF7, as well as constituents of MAPK signaling MAPZK1, MAPKAP5, MAPKE.
(c) GSEA evaluating for canonical Wnt signaling revealed enrichment in the non-lepidic
group (left) while several Wnt inhibitors, including DKK2 and AMERZ2, were more highly
differentially expressed in the lepidic group (right). (d) A comprehensive mutation analysis
by Caso et al. into lepidic and non-lepidic tumors reveals a lack of Wnt augmenting
mutations in lepidic tumors with a significant number of Wnt augmenting mutations in
non-lepidic human LuAd. (e) Human lepidic mucinous (top) and non-mucinous (bottom)
LuAd both contain NKX2-1* cells co-expressing intestinal markers (CTSE, HNF4A, left
side of image at top and open arrowhead on bottom panel). The non-mucinous tumor

also contains NKX2-1"HNF4A™ (solid arrowhead) and NKX2-1"HNF4A* (arrow) cells.
Mucinous (MUC5AC) region is NKX2-1L0 (asterisk). (€) Co-staining for AT1 (AGER)
and AT2 (MUC1, HT2-280) membrane antibodies shows co-exclusive marking of AT1 and
AT2 cells (open arrowheads) in non-tumor human lung (top) but co-expression of AT1 and
AT?2 markers by squamous cells in human lepidic LuAd (bottom, closed arrowheads). (f)
Co-staining of AT1 (AGER), AT2 (MUCL) and driver mutation (EGFR L858R) antibodies
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in human lepidic LuAd showing ubiquitous oncogene and AT2 marker staining of the tumor
but also flat cells in the periphery positive for the driver mutation that co-express both AT1
and AT2 markers (arrowheads) (n=2 individuals).

Scale bars, 20 um (a, €, f, g rows 2 and 4) and 200 pm (g rows 1 and 3)

GO, gene ontology; GSEA, Gene Set Enrichment Analysis; Lep, lepidic; N-Lep, non-
lepidic; NS, not significant; pERK, phosphorylated ERK; pJUN, phosphorylated c-JUN/
JUND

Data in bar graphs of a and c are meanzs.e.m. P values calculated by Student’s ftest except
where indicated otherwise.
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