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Abstract

Head and neck cancers, which include oral squamous cell carcinoma (OSCC) as a major subsite,
exhibit cellular plasticity that includes features of an epithelial-mesenchymal transition (EMT),
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referred to as partial-EMT (p-EMT). To identify molecular mechanisms contributing to OSCC
plasticity, we performed a multiphase analysis of single cell RNA sequencing (scRNAseq) data
from human OSCC. This included a multi-resolution characterization of cancer cell subgroups

to identify pathways and cell states that are heterogeneously represented, followed by casual
inference analysis to elucidate activating and inhibitory relationships between these pathways
and cell states. This approach revealed signaling networks associated with hierarchical cell

state transitions, which notably included an association between B-catenin-driven CREB-binding
protein (CBP) activity and mTORC1 signaling. This network was associated with subpopulations
of cancer cells that were enriched for markers of the p-EMT state and poor patient survival.
Functional analyses revealed that p-catenin/CBP induced mTORCL1 activity in part through the
transcriptional regulation of a raptor-interacting protein, chaperonin containing TCP1 subunit 5
(CCT5). Inhibition of p-catenin-CBP activity through the use of the orally active small molecule,
E7386, reduced the expression of CCT5 and mTORCL1 activity in vitro, and inhibited p-EMT-
associated markers and tumor development in a murine model of OSCC. Our study highlights
the use of multi-resolution network analyses of SCRNAseq data to identify targetable signals for
therapeutic benefit, thus defining an underappreciated association between p-catenin/CBP and
mTORC1 signaling in head and neck cancer plasticity.

Introduction

Head and neck cancers comprise complex malignancies from multiple anatomical sites with
distinct biology that collectively rank among the most deadly and disfiguring cancers 13,
Oral cavity cancer, which is a major subset (~40 — 50%) of head and neck cancers, presents
primarily as smoking and alcohol associated oral squamous cell carcinoma (OSCC),

and ranks among the most globally diagnosed cancers. Patients with OSCC frequently
present with advanced disease characterized by locoregional spread to the cervical lymph
nodes, which is predictive of distant metastases. Despite significant insights into genomic
alterations in OSCC and advances in cytotoxic anticancer and taxane-based treatments, only
two targeted therapies are available, an epidermal growth factor receptor-tyrosine kinase
inhibitor (cetuximab) and immune checkpoint anti-programmed cell death-1-inhibitors
(nivolumab and pembrolizumab), although they elicit limited responses in patients.

Mounting evidence indicates that evolution of OSCC to advanced disease entails a
progressive acquisition of heterogeneous cell states endowed with new phenotypes in

the absence of genetic mutations®. Such induction of new cell states, broadly defined

as cell plasticity, involves epigenomic changes that promote chromatin accessibility

with concomitant changes in gene expression signatures >~/. In carcinomas, epigenomic
alterations of chromatin structure occur through the modification of histone tails that
promote the development of high cellular plasticity states, such as partial epithelial-
mesenchymal transition (p-EMT) and cancer stem cell (CSC)-like phenotypes 8. Indeed,
subpopulations of cells with a p-EMT phenotype, characterized by a spectrum of co-
presenting epithelial and mesenchymal traits, have been identified at the invasive tumor front
and shown to be associated with OSCC metastasis and poor disease prognosis in human
patients 9-12,
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CSC phenotypes and aggressive traits in OSCC and other cancer types have been associated
with aberrant activation of the nuclear branch of the Wnt/B-catenin signaling pathway
through the interaction of B-catenin with the histone acetyltransferase CAMP-responsive
element binding (CREB)-binding protein (CBP)”13-22, Small molecule inhibitors of the
B-catenin-CBP interaction, such as ICG-001 7 and E738623:24, block oncogenic traits in
cellular and murine models of OSCC and other carcinomas /24,

To gain insights into the molecular mechanisms underlying cell plasticity and the induction
of p-EMT phenotypes in OSCC, we applied newly developed computational tools to the
analysis of single-cell RNA sequencing (scRNAseq) data from oral cavity squamous cell
carcinomas. Our driving hypothesis was that a systems-level analysis of the molecular
heterogeneity in OSCC would help us elucidate the contribution of p-catenin/CBP signaling
to oral tumorigenesis. Multi-resolution characterization of these data identified cell subtypes
with a range of B-catenin/CBP activity, and showed that high f-catenin/CBP activity

was associated with p-EMT cellular states'® and predictive of low patient survival.
Significantly, our analyses predicted that p-catenin/CBP signaling promotes the p-EMT
state in OSCC through activation of the mTOR Complex 1 (mTORC1) signaling pathway.
In silico functional analysis further predicted that p-catenin/CBP activates mTORCL1 via
transcriptional regulation of genes encoding regulators of raptor, including chaperonin
containing TCP1 subunit 5 (CCT5), which has been shown to recruit raptor into the
T-complex protein Ring Complex (TRIC) required for mTORC1 complex formation 2°.
Molecular experiments in OSCC cell lines demonstrated that p-catenin/CBP promotes
CCT5 protein expression and mTORC1 signaling and that these signals are crucial for

the p-EMT state. Further, small molecule inhibition of B-catenin/CBP activity reduced the
levels of markers associated with mTORC1 activation and the p-EMT state and halted the
development of tumors in the 4-Nitroquinoline 1-oxide (4NQO) carcinogen-induced model
of OSCC 26, Collectively, our analyses highlight the importance of B-catenin/CBP pathway
activity in OSCC progression and demonstrate its key role in the induction of mMTORC1
signaling and activation of the p-EMT state that contributes to poor survival in human
patients 10,

Materials and Methods

Statistical analysis

Analyses of high-throughput transcriptomic and protein expression data were performed
in R (v4.1.0). Multiple hypothesis corrections of p-values of these analyses were
performed using Benjamini-Hochberg false discovery rate (FDR) correction 27. Analyses
of immunoblots, reverse transcription quantitative polymerase chain reaction (RT-gPCR),
and immunofluorescence experiments were performed in GraphPad Prism (v9) using an
unpaired Student’s t-test. All reported p-values are two-sided.

Experimental models

Experiments modeling changes in B-catenin/CBP activity were performed via
pharmacological inhibition of p-catenin-CBP interaction with E7386 (Eisai Co., Ltd.),
diluted in 0.1% dimethyl sulfoxide (DMSO) (Sigma).
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Cell model experiments were performed using male OSCC patient cell lines, HSC3
(XenoTech) and CAL27 (XenoTech). All Cells were cultured at 37°C under 5% CO> in
Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies) supplemented with
10% heat inactivated fetal bovine serum (FBS) (Life Technologies) and 1% penicillin/
streptomycin (Life Technologies).

Mouse model experiments were performed with C57BL/6 mice (Jackson Laboratories)..
These mice were housed under standard conditions in the animal facility of Boston
University School of Medicine. All procedures were performed based on Boston
University’s Institutional Animal Care & Use Committee (IACUC).

Transcriptomic signature of B-catenin/CBP activity in HSC3 cells

In a previous study we identified a transcriptional signature of p-catenin/CBP activity based
on microarray profiling of ICG-001 treatment response in HSC3 cells’. In this study, using
a similar experimental design, we identified a transcriptional signature of p-catenin/CBP
activity by microarray profiling of E7386 treatment response in HSC3 cells. Three separate
wells (triplicate) in 6-well plates were seeded with HSC3 cells (at 5 x 10%/well). After 12—
24 h (i.e., ~ 50% confluency), the cells were treated with either 0.1% dimethyl sulfoxide
(DMSO) or 0.1 uM E7386 in DMSO. After 48—64 h, the cells were trypsinized and
harvested for RNA purification using the miRNeasy Micro Kit (QIAGEN no. 217084).
Gene expression profiling was performed in triplicates per treatment group (n = 3) using
Affymetrix Human Gene 2.0ST arrays. We have been deposited these data on the Gene
Expression Omnibus (GEO), accession humber GSE190377.

Raw expression values of HSC3 cells were normalized together using the Robust Multiarray
Average (RMA) with the affy R package (v1.41.1)28. A BrainArray Chip Definition

File (CDF) was used to map the probes on the array to unique Entrez Gene identifiers
(http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF). Differential gene
expression analysis with respect to E7386 treatment was performed using the limma R
package (v3.14.4)2°, Genes that were not expressed above the array-wise median value of at
least one array were removed from the analysis. Only genes with absolute linear fold-change
> 1.5 and filtered FDR g < 0.01 were considered and used for further analysis as the E7386
treatment gene set.

Single-cell transcriptomics data processing

Published scRNAseq profiles from human oral cavity HNSCC patient tissues originally
generated by Puram et al 19 were obtained from GEO, accession number GSE103322. The
original data included transcripts-per-million counts (TPM) of 23,686 genes, and 5,902 cell
profiles across 18 HNSCC patient samples. Of the 5,902 cell profiles, 2,215 were previously
labelled as cancer cells, with 1,427 and 788 originating from HNSCC and lymph node,
respectively10. Furthermore, the cell profiles were generated using two separate reverse
transcriptase (RT) methods, with 1,587 and 628 of the 2,215 cancer cell profiles prepared
using Superscript 2 and Maximum RT methods, respectively19.

Integration of cancer cell profiles originating from different patients and RT technologies
and subsequent clustering analysis were performed using the Seurat R package (v3.0.0)3.
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Prior to data integration, cell profiles with fewer than 200 genes with counts > 0 were
removed. Next, the groups of cell profiles selected for integration were defined based

on a combination of patient-of-origin and RT methods used in the library preparation.
Integration groups with fewer than 100 cell profiles were removed. After filtering, the final
data included 1,760 cells across seven patients, with 1,071 and 689 profiles originating
from HNSCC and lymph node, respectively, and 1,251 and 509 profiles generated with
Superscript 2 and Maxima RT methods, respectively. Following log-normalization of TPM
gene expression values, integration of the seven samples was performed in three steps.
First, the top 2,000 most variable features were identified for each sample, independently
using the FindVariableFeatures( ) function. Subsequently, anchoring features between data
were identified using FindintegrationAnchors() function, with the k.filter argument set

to 100. Finally, data from the seven samples were integrated using the /ntegrateData()
function. Clustering was performed on the first 25 principal components using the
RunPCA(), FindNeighbors(), and FindClusters() functions. For visualization, Uniform
Manifold Approximation and Projection (UMAP) was performed using the RunUMap()
function. For downstream analysis, the integrated data were corrected to remove extraneous
signal originating from cells in G2M and S phase cell cycle using the Cel/CycleScoring()
and ScaleData() functions. Chi-squared contingency table tests were performed to assess the
composition of each cluster versus cell type (e.g., HNSCC, lymph node), RT method, and
patient.

Single-cell cluster subgrouping and annotation

K2Taxonomer (K2T) nested subgrouping and annotation of Seurat clusters was performed
using the K2Taxonomer R package (v1.0.5)3. Recursive partitioning of the cell profile
clusters was performed with 500 bootstrap samples per partition and constrained k-means32,
yielding a set of nested subgroups, each subgroup corresponding to a node in the

K2T dendrogram. Gene-level and pathway-level differential analyses using limma?® were
performed between every two subgroups children of a common parent (sub)group, yielding
subgroup-specific signatures. For pathway-level differential analyses, each cell profile was
first projected on a curated list of gene sets using Gene Set Variation Analysis (GSVA)
(v1.40.1)33. These annotation gene sets included: six 100-transcript gene sets reported

by Puram et a0, which define cell states in HNSCC scRNAseq profiles (Cell Cycle,
p-EMT, Epithelial Differentiation 1, Epithelial Differentiation 2, Stress, Hypoxia); the 50
hallmarks of human cancer pathways from the Molecular Signatures Database (mSigDB)
(v7.0)34:35; two miRNA target gene sets from TargetScan (v7.2)36 (miR-143, miR-145); and
two separate sets of genes up- and down-regulated by B-catenin/CBP signaling following
pharmacological inhibition of B-catenin/CBP activity in HSC3 cell lines with ICG-001 and
E7386, respectively. The ICG-001 gene sets were reported in’, while the E7386 gene sets
were generated as described above. Importantly, given that each of the p-catenin/CBP gene
sets represent inhibition of that pathway, the interpretation of the gene sets was reversed,
such that, throughout this manuscript, genes that were down-regulated by inhibition of
[B-catenin/CBP are referred to as genes up-regulated by p-catenin/CBP activity, and vice
versa.
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Enrichment scores of complementary up- and down-regulation of signal pathways

were aggregated using the aggregateGSVAscores() K2Taxonomer function. This function
computes the score difference of the enrichment scores calculated from the two sets

of genes up- and down-regulated by a given pathway, respectively. These gene sets
included: Hallmark UV Response, Hallmark KRAS signaling, p-catenin/CBP (E7386), and
[B-catenin/CBP (ICG-001).

Survival analysis of single-cell cluster subgroup signatures on HNSCC data

Survival analysis was conducted by scoring The Cancer Genome Atlas (TCGA) HNSCC
bulk RNAseq profiles3”, obtained from the Genomic Data Commons (GDC) (https://
portal.gdc.cancer.gov), according to their GSVVA-based projection onto the top genes from
each K2T subgroup signature. These publicly available data included 36,812 individual
genes from 499 primary tumor samples of individual patients. Among the 499 individual
patients, measured 5-year survival included 301 survivors and 197 deceased patients. Mean,
standard deviation, minimum, and maximum age at diagnosis was 61.56, 11.91 19.99,

and 90.00 years, respectively. Counts were normalized to log counts-per-million following
trimmed-mean of M values scaling using the edgeR R package (v3.34.0)3.

For the survival analysis of the 499 TCGA HNSCC tumor bulk expression profiles,
signatures were first defined for each K2T-derived scRNAseq subgroup as the top 50
genes based on p-value ranking (low-to-high) of differential expression comparing sibling
subgroups at each partition. TCGA HNSCC data were then projected onto each of these
signatures using GSVA. Association between each GSVA-based signature score and 5-
year survival rate was carried out using multivariate Cox proportional hazards modeling,
controlling for age at diagnosis.

Interaction between pathways and cell states

Causal inference analysis was performed on the scRNAseq GSVA-based enrichment scores
from the top pathways and cell states identified as highly differentially regulated between
K2T estimated subgroups. Cell profiles characterized primarily by high cell cycle activity
were excluded from this analysis due to overrepresentation in these data. Causal inference
was performed using the Peter and Clark algorithm3° as implemented in the pcalg R
package (v2.7-3)40. Briefly, the algorithm builds a sparse, partially directed graph where
the nodes represent the input variables (here, the top pathways represented by their GSVA
scores), and the absence of an edge between two variables represent the absence of an
unmediated dependence between those variables. The algorithm first identifies all the
pairwise unmediated dependencies (undirected edges) between the input variables based
on conditional independence tests. It then establishes the directionality of the edges, when
possible, based on the concept of a collider test1, whereby a variable triplet’s undirected
graph, X — Z -, yields the directed graph, X—Z<-Y, if specific conditions of conditional
(in)dependence are satisfied, namely, if X and Y are marginally independent, but become
dependent when conditioned on Z. Since the software does not report estimates of the
“strength” of the inferred pairwise causal relationships, partial correlation testing was used
among the causally related variables to estimate the strength and sign (i.e., positive or
negative) of their association.
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Identification of transcriptional mediators between g-catenin/CBP and mTORCL1 signaling

Functional analyses to identify the potential causal mediators between p-catenin/CBP and
mTORC1 pathway activities in the SCRNAseq data were carried out using a strategy based
on the Spearman correlation between the expression of each of the 19,862 individual
genes and enrichment scores of each pathway corresponding to p-catenin/CBP (E7386
and ICG-001) and mTORC1. As with causal inference analyses, cell profiles characterized
primarily by high cell cycle activity were excluded. Gene-specific candidacy for potential
causal relationships was evaluated by ranking the genes based on the minimum of the
Spearman correlations of each gene (high-to-low) with the three pathway variables.

Next, these rankings were tested for enrichment with pathways of interest using pre-ranked
gene set enrichment analyses (GSEA)34 with 2000 permutations. These gene sets included
p-EMT-specific genes!? and genes encoding raptor-interacting proteins*2, as well as the
B-catenin/CBP and mTORC1 gene sets. Since each of the two gene sets of B-catenin/CBP
signaling (E7386 and ICG-001), included up- and down-regulated gene sets, each of these
four total gene sets were tested separately.

The scRNAseq-based findings were replicated in two independent datasets, which included
the TCGA HNSCC bulk RNAseq data and transcriptomics and proteomics profiles from
upper aerodigestive track cell lines in the Cancer Cell Line Encyclopedia (CCLE)*3 (https://
portals.broadinstitute.org/ccle).

For the replication based on TCGA HNSCC data, we performed analyses across all 499
TCGA HNSCC tumor profiles as well as within six stratifications of the patients based

on HPV status, HPV- and HPV+, and on four previously reported molecular subtypes in
HPV- samples, classical, basal, mesenchymal, and atypical3”. Subtype labels were obtained
from the GDC using the TCGAbiolinks R package (v 2.22.4)*446_ According to available
labeling, these analyses comprised: 408 HPV-, 89 HPV+, 44 HPV- classical, 75 HPV-
basal, 65 HPV- mesenchymal, and 35 HPV- atypical tumor profiles. To account for the
potential confounding effect of tumor purity, association between gene expression and each
of the three pathway variables of interest were estimated using Spearman partial correlation,
conditioning on covariates accounting for stromal and immune infiltration scores. These
scores had been previously measured on the TCGA data using the Estimation of STromal
and Immune cells in MAlignant Tumours using Expression data (ESTIMATE) method, and
were obtained from The University of Texas MD Anderson Cancer Center ESTIMATE
database (https://bioinformatics.mdanderson.org/estimate/)*’.

For the replication based on CCLE data, we performed analyses based on normalized

counts for 17,629 total genes shared with the HNSCC scRNAseq data across single samples
from 32 untreated cell lines. Additionally, we used Spearman correlation to examine

the relationships between gene-expression and reverse-phase protein array (RPPA)-based
expression of three of 214 measured proteins: mTOR, raptor, and phosphorylated p-catenin
(pT41/S45)*8. This analysis was performed using single samples from 30 untreated cell lines
shared between the gene and protein expression data.
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Cell line immunoblot validation experiments

Biochemical validation of the p-catenin/CBP and mTORCL1 interaction was performed by
immunoblot analysis of HSC3 and CAL27 OSCC cell lines. Prior to treatment, cells were
seeded in 10 cm dishes and cultured to reach 70%-80% confluency at the end of 48

hours or 50%—-60% confluency at the end of 24 hours. About 12 hours after seeding,

cells were treated with vehicle (0.1% DMSO), and 1 uM E7386 or 0.1 uM E7386.

Cells were washed in PBS, lysed and collected in Triton-X-100/B-octylglucoside buffer
containing protease and phosphatase inhibitors (Halt, ThermoScientific). Extracted proteins
were quantified using a Pierce BCA Protein Assay Kit (ThermoFisher). Total cell lysates
(15-20 pg) were fractionated on 4-20% Mini-PROTEAN TGX Precast gels (BioRad),

and proteins were transferred onto a PVDF membrane via wet transfer. Membranes were
incubated for 1 hour at room temperature in a blocking solution of 5% milk in TRIS
Buffered Saline/0.1% Tween (TBS-T) or 5% BSA in TRIS Buffered Saline containing 0.1%
Tween (TBS-T) for phosphorylated proteins. Membranes were incubated overnight at 4°C
with primary antibodies and followed by incubation with HRP-linked secondary antibodies
for 1 hour at room temperature. Primary antibodies used were: phosphorylated S6K (p-
S6K) (Thr389) (Cell Signaling Technologies, cat#9234), S6K (Cell Signaling Technologies,
cat#2708), raptor (Cell Signaling Technologies, cat#2280), CCT5 (Abcam, cat#ab129016),
and GAPDH (Cell Signaling Technologies, cat#5174). Immunostained proteins were
visualized using SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher)
and images were acquired using Bio-Rad ChemiDoc MP Imaging System. To detect both p-
S6K and S6K total abundance, membranes were stripped using Restore PLUS Immunoblot
Stripping Buffer (ThermoScientific), tested for stripping efficacy, blocked again for 30
minutes at room temperature, and then incubated overnight at 4°C with primary antibodies.

Immunoblots were quantified using ImageJ*®. Expression levels of target proteins were
normalized to GAPDH and then fold change was calculated with respect to cells treated with
DMSO. Three independent biological replicates were used for each experimental condition.
Analyses comparing differences in mean expression levels between treatment groups were
performed using GraphPad Prism (GraphPad Software Inc.) using an unpaired Student’s
t-test. Statistical significance was determined using a p-value threshold of 0.05.

Targeted gene expression in-vitro experiments

RT-gPCR-based evaluation of changes in expression of CC75 and selected p-EMT marker
genes was performed on HSC3 cells following pharmacological inhibition of g-catenin/CBP
with E7386 and small interfering RNA (siRNA)-based knockdown of CCT5. Non-Target
siRNA (Dharmacon) were transfected into HSC3 cells with Lipofectamine RNAIMAX
(Invitrogen, 56532) and incubated for 48 hours. Cell lysates were then collected, and

RNA was purified with the RNeasy Mini Prep Kit (Qiagen, 74106) per manufacturer’s
instructions. E7386 (Eisai Co., Ltd.) or DMSO (Fisher Chemical, D128500) were
administered at a 1 uM concentration to HSC3 cells and incubated for 24 hours. Cells
were then washed and incubated in DMEM (Gibco, 11995065) for an additional 24 hours.
Total RNA was then collected and purified with the Rneasy Mini Prep Kit (Qiagen, 74106)
per manufacturer’s instructions. RNA from experimental HSC3 cells was extracted with
the Rneasy Mini Prep Kit (Qiagen, 74106) per manufacturer’s instructions then cDNA
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libraries were prepared with the iScript cDNA Synthesis Kit (BioRad, 1708891). RT-gPCR
gene expression analyses were carried out on the ViiA 7 Real-Time PCR System (Applied
Biosystems) using TagMan Universal Master Mix 11, with UNG (Applied Biosystems,
4440038) and TagMan probes (Life Technologies). TagMan probes used in this study are
listed in Supplemental Table S1.

Target gene transcript levels were quantified using the AACt method and normalized to
GAPDH. Independent biological replicates (n = 4-6 ) were used for each experimental
condition. Analyses comparing differences in mean expression levels between treatment
groups were performed using GraphPad Prism (GraphPad Software Inc.) using an unpaired
Student’s t-test. Statistical significance was determined using a p-value threshold of 0.05.

Mouse model hematoxylin and eosin (H&E) and immunofluorescence experiments

For induction of OSCC, seven-week-old mice were treated with drinking water containing
50 pg/ml 4-nitroquinoline 1-oxide (4NQO) for 16 weeks and then given with normal
drinking water for another 8-10 weeks. E7386 was given at 50 mg/kg (body weight) by oral
gavage daily, starting at week 19 until week 22. Mice were sacrificed on week 23, tongues
were dissected and processed for hematoxylin and eosin (H&E) and immunofluorescence
analyses as described below.

H&E analysis was performed by iHisto Histopathology Support. In brief, formalin-fixed
sections were deparaffinized before being stained with eosin for cytoplasmic visualization
and Hematoxylin for nuclei. Staining and imaging was performed with Leica ST5020
Autostainer w/CV5030 Slide Coverslipper & TS5025 Transfer Station.

Formalin-fixed sections were deparaffinized in graded xylene and ethanol and rinsed in
deionized water. For antigen retrieval, slides were placed in Antigen Unmasking Solution
(\Vector Laboratories) in a pressure cooker at high pressure for 15 minutes. Samples were
brought to room temperature by rinsing with deionized water and blocked in 5% FBS

in PBS and Rodent Block M (Biocare Medical). After washing in PBS, samples were
incubated with primary antibodies overnight at 4°C. The next day, samples were washed
with PBS and incubated with secondary antibodies for 1 hour at room temperature in the
dark. Sections were washed with PBS before incubation with DAPI for 10 minutes at room
temperature in the dark. Coverslips were applied with Prolong Diamond Antifade Mountant
(Invitrogen). Fluorescence intensity was measured using ImageJ software (v.2.3.0). Slides
were imaged with Zeiss LSM 710-Live Duo Confocal with 2-Photon Capability using Zen
software (v3.5) to capture tumor and dysplasia areas. Relative fluorescence intensity for
each channel was measured using ImageJ software. Three and two biological replicates

of tongue samples were used for 4ANQO and 4NQO + E7386 treated mice, respectively.
Quantification of podoplanin was performed on multiple non-overlapping 200um-by-200um
images per sample, from which relative fluorescence intensity was measured from multiple
non-overlapping areas of either dysplasia or squamous cell carcinoma, resulting in between
3-12 images per sample, and 6-11 areas per image. Testing of differences between mean
log(relative immunofluorescence intensity) of podoplanin of 4ANQO + E7386 to 4NQO
treatment was performed with a linear mixed model comprising treatment group as a fixed
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effect to be tested and image identifier as a random effect using the ImerTest R package
(v3.1-3)%0,

Multi-resolution characterization of scRNAseq cell profiles defines a taxonomy of diverse
cellular states in OSCC.

To elucidate signaling networks and cell states that contribute to OSCC heterogeneity we
identified and functionally annotated data-driven subgroups of 1,760 scRNAseq profiles of
primary tumor and lymph node tissue from seven oral cavity HNSCC patients10. To this end,
we employed the K2T recursive partitioning workflow3! to estimate nested relationships
between 14 cell clusters estimated by Seurat. K2T uses a recursive partitioning algorithm

to identify and annotate a nested taxonomy (i.e., grouping) of cell types defined by distinct
transcriptional programs, thereby facilitating biological investigation at multiple levels of
resolution.

The taxonomic subgroups defined by K2T were annotated based on their enrichment-based
differential association with a curated set of cell states and signaling pathways. The
taxonomy and annotated subgroups are summarized in Fig. 1A—C and Table 1. The first
major partition separated profiles into mMTORC1 expressing (A2) and non-expressing cell
types, followed by sub-partitions driven by the up-regulation (C2) or down-regulation (B2)
of p-catenin/CBP, and up-regulation (F1) of p-EMT, among others. The complete results
from partition-level differential gene and pathway analyses are shown in Supplemental
Tables S2 and S3, respectively.

Cells within the C2 subgroup were also enriched in genes encoding cell cycle regulators,
and the subgroups E1 and J1 were associated with epithelial differentiation. The epithelial
differentiation cell state was here captured in two distinct gene sets reported as likely
representing different degrees of differentiationl?, and labelled epithelial differentiation 1 —
defined by up-regulated EPCAM and Krt16, among others, and epithelial differentiation 2 —
defined by up-regulated KRT17/25 and KLK5/11, among others. Finally, subgroup F1 was
associated with p-EMT. Signaling pathways associated with different taxonomic subgroups
included mTORC1, (A2, C2, B2, and J2), B-catenin/CBP (C2, B2, and E1), Myc (C2, E1,
and J2), and TNFa/NFxB (F1), and miR-145(J2).

Results of the survival analysis of TCGA HNSCC patients stratified according to their
GSVA-based projection3 onto K2T-derived signatures are shown in Fig. 1A and Table

2. Better patient survival (Hazard Ratio < 1, FDR < 0.1) was found for projections

onto subgroup signatures with lower enrichment of B-catenin/CBP and/or mTORC1
signaling, as well as higher enrichment of epithelial differentiation (subgroups B2, E1,

and J2). Conversely, worse patient survival (Hazard Ratio > 1, FDR < 0.1) was found

for subgroup signatures associated with higher enrichment of TNFa/NF-xB signaling and
p-EMT (subgroup F1). Kaplan-Meier curves illustrating survival of TCGA HNSCC patients,
stratified by projections onto signatures from these four subgroups are shown in Fig. 1D.

Transl Res. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reed et al.

Page 11

In summary, taxonomy discovery followed by differential enrichment analysis among the
estimated taxonomic groups in the scRNAseq data (Fig. 1B,C), and survival analysis

based on projection of TCGA bulk profiles onto the single cell-derived signatures (Fig.
1D), identified five pathways (MTORC1, Wnt/B-cat/CBP, Myc, TNFa/NF-kb, and miR145)
and three cell states (cell cycle, epithelial differentiation, and pEMT) whose complex
relationships were the focus of downstream analysis.

Causal inference analysis indicates that B-catenin/CBP signaling activates mTORC1
signaling in the p-EMT state observed in OSCC.

To delineate direct and indirect relationships between signaling pathways (nTORC1, B-
catenin/CBP, Myc, TNFa/NF-kB, and miR-145) enriched in distinct cell state subgroups
(cell cycle, epithelial differentiation, and p-EMT) we performed causal inference analysis3®
on the GSVA enrichment scores of these pathways. Two separate models were estimated,
based on separate B-catenin/CBP-regulated gene sets corresponding to pharmacological
inhibition of B-catenin/CBP activity using E73862324 and 1CG-0017 (Fig. 2A, Supplemental
Table S4). Due to its role in OSCC progression, we had a particular interest in defining
causal relationships implicated in the induction of the p-EMT state.

In both models, mMTORC1 demonstrated the strongest direct induction of p-EMT, with
partial correlation estimates of 0.37 (FDR = 1.25E-43) and 0.36 (FDR = 2.06E-41) in the
E7386 and ICG-001 models, respectively. TNFa/NFxB also demonstrated direct induction
of p-EMT across both models, but had markedly lower association, with partial correlation
estimates of 0.22 (FDR = 1.01E-14) and 0.22 (FDR = 3.66E-15), respectively.

The strongest inferred direct pathway-to-pathway interaction was the activation of mMTORC1
by B-catenin/CBP based on the E7386 B-catenin/CBP inhibition gene signature model, with
a partial correlation of 0.36 (FDR = 2.61E-40). A similar association between mTORC1

and B-catenin/CBP was inferred in the ICG-001 p-catenin/CBP inhibition gene signature
model, although this causal relationship showed an indirect activation of mMTORC1 by
[B-catenin/CBP that was mediated by activation of Myc, with partial correlation estimates of
[B-catenin/CBP to Myc and Myc to mTORC1 of 0.23 (FDR = 1.77E-16) and 0.27 (FDR =
1.40E-22), respectively. Both models also inferred inhibition of MTORC1 by miR-145, with
partial correlation estimates in the E7386 and 1CG-001 models of —0.25 (FDR = 5.84E-20)
and -0.19 (FDR = 3.87E-12), respectively.

Taken together, these causal models predicted induction of p-EMT by mTORC1, with
upstream activation by B-catenin/CBP and Myc signaling, along with inhibition by miR-145.

Functional analysis suggests that B-catenin/CBP activates mTORC1 via transcriptional
regulation of genes encoding raptor-interacting proteins

Due to the previously described importance of p-catenin/CBP and mTORCL1 in
0SCC7:13.14.16,17,21,51,52 \ye chose to follow-up on the newly identified relationship between
these pathways and p-EMT. To this end, to prioritize potential mediators of p-catenin/CBP
and mTORC1, we initially performed a correlation-based assessment of the association
between the two pathways of interest and each of the genes in the transcriptome. For each
gene, this shared association was defined as the minimum Spearman correlation between
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its expression and each of three enrichment scores corresponding to the mTORC1 gene

set and the two B-catenin/CBP gene sets (E7386 and ICG-001). This analysis was first
performed on the scRNAseq data and then replicated in TCGA HNSC bulk gene expression
and CCLE gene expression and proteomics data from upper airway cancer cell lines*3 (Fig.
3A-D, Supplemental Table S5). To assess the generalizability of functional results across
molecularly defined HNSCC categories, TCGA HNSCC analyses were carried out across
all tumor samples, as well as within six different stratifications based on HPV status, and
on four previously reported HPV- molecular subtypes, classical, basal, mesenchymal, and
atypical3” (Fig. 3B, Supplemental Fig. S3, Supplemental Table S6).

Analysis of the ScCRNAseq data revealed that all eight subunits of the TRiC complex, a
multi-protein chaperonin complex that plays a direct role in folding mTORC1-components,
raptor and mLST825, were highly associated with mTORC1 and B-catenin/CBP signaling.
These TRIC subunits were within the top 2.5 percentile of genes most highly associated
with mTORC1 and B-catenin/CBP signaling (Fig. 3A), and CCT5, which encodes one of
the subunits, was the most highly associated with mTORC1 and p-catenin/CBP signaling
(min. correlation = 0.407, FDR = 2.15E-50). These findings were independently replicated
in the TCGA HNSCC bulk gene expression data and in the CCLE upper aerodigestive

track cancer cell line data. In the TCGA HNSCC tumor samples, all eight TRIiC genes

were within the top 4.4 percentile of genes most highly associated with mTORC1 and
[B-catenin/CBP signaling (Fig. 3B, Supplemental Table S5). Moreover, across the six tumor
subtypes analyzed, the maximum percentile of these genes ranged from 3.3 to 30.0, in HPV-
and HPV- classical, respectively (Supplemental Fig. S1, Supplementary Table S5). Finally,
in the CCLE data all TRiC genes were within the top 8.4 percentile (Fig. 3C, Supplementary
Table S5).

To investigate whether additional genes encoding factors that bind with mTORC1
components could potentially mediate activation of mMTORC1 by p-catenin/CBP signaling, a
published set of genes coding for raptor-binding proteins*2 was tested against the minimum
Spearman correlation-based gene scores by rank-based GSEA34. The statistical results

of these analyses are shown in Table 3 and Supplemental Table S6, and the position

of each gene in the rankings is shown in Fig. 3A—C and Supplemental Fig. S1. In all
analyses of the sScRNAseq, TCGA HNSCC, and CCLE data, genes encoding raptor-binding
proteins were positively associated with the minimum correlation-based ranking (FDR=
1.00E-3, 4.90E-2, 1.17E-3, respectively). For TCGA HNSCC, all stratified analyses were
statistically significant with FDR= 4.90E-2, which was the smallest value achieved after
multiple hypothesis correction. Moreover, for genes encoding raptor-binding proteins in
CCLE data, there was an observed general congruence between gene-level correlation with
each of the three pathways’ enrichment scores and protein levels of mMTORC1, raptor, and
phosphorylated B-catenin (pT41/S45) (Fig. 3D). Negative Spearman correlation of these
genes with the levels of phosphorylated p-catenin (pT41/S45) was indicative of a greater
abundance of functional B-catenin, as pT41/S45 is associated with B-catenin degradation®3.

Importantly, p-EMT genes were significantly positively associated with correlation-based
rankings of genes in both the scRNAseq and the full TCGA HNSCC data (FDR = 1.00E-3
and 4.90E-2, respectively). The same trend and significance level were observed in all
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TCGA HNSC subtypes except for HPV- Atypical (FDR = 0.57). We did not observe the
same trend in the CCLE data (FDR = 0.12), which is likely due to underrepresentation of
cells undergoing p-EMT in these data.

Taken together, these findings suggest that p-catenin/CBP signaling induces genes that code
for regulatory proteins of the mTORC1 complex, such as the TRiC genes of which CCT5
is the most tightly regulated, subsequently resulting in the activation of mMTORC. Moreover,
they support the notion that this cascade is involved in the induction of p-EMT across
multiple HNSCC subtypes.

Biochemical analyses confirm that mMTORC1 and CCT5 function downstream of the p-
catenin/CBP axis.

To validate that mTORC1 activity and CCT5 expression are regulated downstream of f3-
catenin/CBP in head and neck cancer cells, we performed immunoblot experiments with
two human OSCC cell lines, CAL27 and HSC3, following pharmacological inhibition of
[B-catenin/CBP with E7386. Specifically, the phosphorylation status of mMTORCL target
protein, S6K, at Thr389, as well as the abundance of CCT5 and raptor proteins were
assessed, where the latter is functionally dependent on CCT5 as a component of the
mTORC1 complex. The immunoblots representing these data are shown in Supplemental
Fig. S1. The levels of phosphorylated S6K (p-S6K) relative to total S6K and the abundance
of CCT5 were significantly reduced in both cell lines in response to E7386 treatment at
concentrations of 0.1 uM and 1 puM, relative to the vehicle treated cells (p-S6K/S6K max.
p-value = 0.0019, CCT5 max. p-value = 0.02) (Fig. 4A, B, Supplemental Table S7). The
levels of total S6K were less affected by E7386 treatment, with the only significant change
in total S6K observed in CAL27 cells treated with 1 uM E7386 (p-value = 0.0284) (Fig.
4A, Supplemental Table S7). Furthermore, we did not observe changes in raptor (Fig. 4B,
Supplemental Table S7).

These findings demonstrate that both mTORC1 activity and CCT5 expression are reduced
following inhibition of B-catenin/CBP, thus confirming our in-silico predictions that
mMTORC1 activity and CCT5 expression are regulated downstream of p-catenin/CBP.

CCT5 is required for the expression of p-EMT genes downstream of p-catenin/CBP in

OSCC cells

To assess whether transcriptional regulation of CC75 by p-catenin/CBP mediated the
activation of p-EMT, we evaluated the consequences of CCT5siRNA-mediated depletion
on selected p-EMT gene expression, compared with pharmacological inhibition of -
catenin/CBP with E7386. The five p-EMT genes selected were a subset of p-EMT genes
previously identified'9, which were positively correlated with GSVA-based projections of
both B-catenin/CBP and mTORCL1 gene sets and differentially regulated across multiple
K2T derived subgroups (Supplemental Fig. S3). Knockdown of CC75resulted in a
significantly reduced expression of several p-EMT-associated genes, including podoplanin
(PDPN), alpha-actinin-1 (ACTNI) and galectin 1 (L GALSI), mirroring observations
following inhibition of B-catenin/CBP with E7386 (Fig. 4C, Supplemental Table S8). The
changes in CCT5 expression following inhibition of p-catenin/CBP with E7386 agreed with
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immunoblot analyses, supporting the transcriptional inhibition of CCT5 following E7386
treatment.

Taken together, these results support our proposed causal model suggesting that cellular
p-EMT phenotype is regulated downstream of p-catenin/CBP and mediated by CC75
expression (Fig. 2B).

B-catenin/CBP activity promotes features associated with p-EMT in murine OSCC

Since our in silico and molecular analyses identified mMTORC1-S6K pathway as downstream
of B-catenin/CBP signaling and that convergence of these signals were associated with
p-EMT cell states, we set out to extend this finding in vivo by examining the effects

of B-catenin/CBP inhibition on tumor development using the 4NQO carcinogen-induced
mouse model of OSCC. As a well-established inducer of OSCC in murine models26, 4ANQO
treatment drives progressive histopathological changes in murine oral epithelia that include
hyperplasia, dysplasia, carcinoma in situ, and frank OSCC, which parallel human OSCC
pathogenesis with similar mutational signatures®*. H&E-based histological analysis of oral
epithelia from 4NQO-induced OSCC revealed a substantial region of atypical exophytic
papillary squamous cell carcinoma with distinct areas comprising both cohesive cells and
unorganized discohesive cells (Fig. 5Al, 4ANQO, Areas 1 & 2, respectively). Conversely,
mice treated with 4ANQO followed by a small molecule inhibitor of the p-catenin-CBP
interaction, E7386, did not form OSCC but rather displayed regions of focal acanthosis

and mild dysplasia pathology (Fig. 5Al, 4NQO + E7386, broken line boxed areas, top &
bottom).

Immunofluorescence staining of 4ANQO-induced OSCC revealed that cohesive cell regions
formed broad and punctate E-cadherin junctions and displayed diffuse cytoplasmic p-S6K
staining with little detectable expression of a p-EMT marker, podoplanin (Fig. 5All, Area
1, arrow). Regions of discohesive cells exhibited reduced punctate and poorly organized
E-cadherin at cell-cell borders, with higher intensity of p-S6K localized to areas of robust
podoplanin expression, indicating that these cells have lost epithelial characteristics (Fig.
5All, Area 2, arrow). In contrast, oral epithelial tissues from mice treated with 4ANQO

and E7386 contained cells with well-organized and focused E-cadherin junctions, along
with diffuse p-S6K and undetectable podoplanin staining (Fig. 5All, 4ANQO + E7386, fop
boxed ared). Additionally, examination of a sagittal section of mild dysplasia revealed
prominent E-cadherin cell-cell contacts, diminished p-S6K signal and podoplanin primarily
localized to basal cells at the rete ridges and extending with diminished intensity to the
differentiated spinous layer (Fig. 5All, 4ANQO + E7386, bottom boxed area). Quantification
of immunofluorescence staining of podoplanin by comparative analysis using a mixed
model to account for the image-level-variability confirmed that Podoplanin staining was
significantly reduced in 4NQO + E7386 treated tissues (p-value = 0.016, t-statistic =

-2.5, mean difference = —0.87 log (relative fluorescence intensity)) (Fig. 5B). Thus, the
oncogenic role of p-catenin/CBP in OSCC extends to include the induction of cell plasticity
by facilitating the p-EMT phenotype.
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Discussion

In this study, we leveraged scRNAseq data of OSCC with a newly developed computational
workflow, which identified the crosstalk between p-catenin/CBP and mTORCL signaling
as upstream drivers of the malignancy-associated p-EMT phenotype. In-silico analyses

of transcriptomics and proteomics data predicted that mTORCL activation occurs via the
up-regulation of genes belonging to the TRIC complex, which is necessary for processing
raptor and mLST8 proteins required for mTORC1 activation2>. Our analyses suggest that
this mechanism is a likely driver of p-EMT across multiple phenotypes, such as patient
HPV status®> and HNSCC molecular subtypes37:56:57. Subsequent experimental validation
demonstrated that pharmacological inhibition of p-catenin/CBP in human OSCC cell lines
decreased mTORC1 activity and reduced expression of TRiC component, CCT5, resulting in
a reduced expression of p-EMT-associated genes. Furthermore, analysis of 4NQO-induced
OSCC in the murine model of oral carcinogenesis confirmed a critical role for the -
catenin/CBP axis in the induction of p-EMT markers and progression to advanced oral
tumors.

Our study reveals a direct causal relationship between p-catenin/CBP signaling and
mTORC1 activity in the alteration of cellular states in head and neck cancer. On a
mechanistic level, our finding that p-catenin/CBP activates mTORC1 via the regulation
of components of the TRIC complex, such as CCTS5, is distinct from relationships
reported for B-catenin and mTOR in other cancers. For example, activation of mTORC1
by B-catenin in liver cancer has been shown to be mediated by glutamine synthetase
expression®8.Furthermore, a reverse relationship was reported for intestinal cancer where
mTORC1 was shown to suppress p-catenin signaling by down-regulating Wnt receptor,
FZD?%9. Therefore, our data suggest distinct signaling networks connecting p-catenin and
mTOR in head and neck cancer.

While B-catenin/CBP and mTORC1 have been independently implicated in the induction
of EMT phenotypes in other tissues89-66, and while independent associations of Wnt/g-
catenin, p-catenin/CBP and mTORC1 with head and neck cancer aggressiveness have
been described, our findings provide the first demonstration that activating mTORCL via
[B-catenin/CBP signaling promotes p-EMT phenotypes in this malignancy.

Additional results highlighted by our analyses included a significant high activity

of miR-143/145in the taxonomic subgroup J2, indicated by negative enrichment of
miR-143/ 145 targets, and by significant up-regulation of CARMN, which is the host gene
of the miR-143/ 145 cluster (Fig. 1A—C, Table 1). Interestingly, both our causal models also
inferred inhibition of mMTORCL1 signaling by miR-145, with partial correlation estimates

in the E7386 and 1CG-001 models of —0.25 (FDR = 5.84E-20) and -0.19 (FDR =
3.87E-12), respectively (Fig. 2, Supplemental Table S4). The miR-143/ 145 cluster has been
previously described to target tumor-associated genes across many cancer types®’, including
HNSCC®8-70, and miR-145 has been shown to impede mTORC1 signaling through targeting
S6K’s encoding transcript, RPS6KB1, in colorectal cancer’. Taken together, these findings
point to the miR-143/ 145 cluster as another candidate mediator of mMTORC1 activity, and a
potential direction of investigation to be explored in future studies.
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The functional in-vitro analyses were performed based on HSC3 and CAL27 cells. These
were chosen because HSC3 are metastatic, poorly differentiated cell lines expressing both
epithelial and mesenchymal markers, and sensitive to B-catenin/CBP inhibition’2-74, CAL27
are non-metastatic, well-differentiated epithelial cells that do not express mesenchymal
markers and are less sensitive to p-catenin/CBP inhibition, thus unlikely to undergo p-
EMT’.7>, For these reasons, we used both cell lines to evaluate the effect of B-catenin/CBP
on MTORC1 and CCTS5 (i.e., to evaluate the p-catenin/CBP = mTORC1 link of Fig. 2B),
and only HSC3 to evaluate the effect of p-catenin/CBP through mTORC1 on p-EMT (i.e.,
the p-catenin/CBP = mTORC1 = p-EMT cascade of Fig. 2B).

We emphasize that these analyses were primarily aimed at generating insights into a focused
group of cancer-related signaling pathways in head and neck cancer. Hence, these analyses
were limited to 54 annotated gene sets we deemed most relevant to that aim, including
cancer hallmarks3435, experimentally derived p-catenin/CBP gene sets’, and targets of
miRNAs, miR-145and miR-14588. Consequently, it is likely that these analyses do not
capture the full repertoire of pathways contributing to cellular plasticity in head and neck
cancer. However, while our in-silico model of causal interactions regulating head and

neck cancer was non-exhaustive, our biochemical and molecular validation provided strong
support for the model and subsequent findings presented.

In summary, this study applies an innovative computational workflow to the interrogation
of scRNAseq data from HNSCC aimed to develop a more thorough understanding of

the upstream drivers of the p-EMT phenotype in head and neck cancer. The finding that
B-catenin/CBP activates mTORCL1, which, in turn, is coupled to p-EMT phenotypes and
associated with poor survival of head and neck cancer patients!?, underscores its importance
as a key driver of tumor evolution and provides new information about additional bona
fide therapeutic targets for this malignancy. Finally, this activation cascade emphasizes the
potential of B-catenin/CBP inhibition as a promising head and neck cancer therapeutic
intervention that distinctly targets more aggressive cells with elevated -catenin/CBP
activity’. Several Wnt/B-catenin inhibitors currently being investigated for their therapeutic
potential, and multiple ongoing clinical trials, further attest to the translational significance
of our findings?3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief Commentary
Background

Despite advances in characterizing genomic alterations in head and neck cancers, targeted
therapies remain elusive, and these malignancies continue to rank among the deadliest
cancers. Growing evidence has indicated that cell plasticity, including the loss of the
epithelial state, contributes to cancer initiation and the progression to aggressive disease.
To develop rational targeted therapies, a better mechanistic understanding of molecular
signaling and their contribution to intra-tumor phenotypes is needed. To this end, we
implemented an analytical workflow integrating SCRNAseq profiles from human oral
squamous cell carcinomas (OSCC) with bulk transcriptomics and proteomics data from
multiple public head and neck cancer repositories, devised to characterize co-activated
pathways and cell states in tumor cell clusters and elucidate causal relationships. Our
analyses revealed activation of mMTORC1 by p-catenin/CBP as an upstream driver of

the partial epithelial-mesenchymal transition (p-EMT), associated with aggressive OSCC
features. Targeted validation experiments supported these findings.

Translational Significance

The identification of B-catenin/CBP-mTORC1-pEMT cascade highlights B-catenin/CBP
as a key driver of OSCC and potential bona fide therapeutic target.
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Figure 1: Characterization of Signatures of Head and Neck Cancer Cells from scRNAseq Data
A. K2T derived subgroups of scRNAseq cell clusters. Subgroups are labeled with a letter

and digit, with the letter indicating the specific partition in the taxonomy and the digits, 1 or
2, indicating the left and right subgroups split at that partition, respectively. Top pathways/
cell states and labels for selected segments are given. The set of statistical results for these
pathways are shown in Table 1. Colored segments indicate associations between signatures
derived from each subgroup and survival in TCGA HNSCC bulk expression data. Red and
blue segments indicate statistically significant (FDR < 0.1) associations with hazard ratios
greater or less than 1, respectively, i.e., worse or better patient survival. The full set of
survival analyses results are shown in Table 2.
B. Distributions of GSVA-based enrichments scores for top pathways/cell states shown in
Fig. 1A. Differential enrichment results for selected subgroups are shown in Table 1.

C. UMAP representation of the sScRNAseq data, representing cell cluster identities,
expression of CARMN, and top pathways/cell states shown in Fig. 1A.

D. Kaplan-Meier visualization of subgroup signatures associated with TCGA HNSCC
patients” survival. Each curve represents patients in the top and bottom 40t percentiles

of enrichment scores of each signature. Colored curves indicate which curve represents the
top 40t percentile group, i.e., patients with the highest enrichment scores. The colors, red
and blue, indicate whether these higher enrichment scores were associated with hazard ratios
greater or less than 1, respectively, based on Cox proportional hazards testing. Likewise,

the FDR values are derived from Cox proportional hazards testing as well. The full set of
survival analyses results are shown in Table 2.
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Figure 2: Causal Inference Models of Interactions Between Pathways/Cell States in Head and

Neck Cancer scRNAseq Data
A. Causal inference graphs indicated inferred

causal relationships of pathways and cell

states. The right and left graphs represent separate causal models including separate
[B-catenin/CBP gene sets, derived from either E7386 or ICG001 treatments, respectively.
Partial correlation estimate maps are shown below each graph. The color scale for the
vertices in the causal inference are in concordance with the partial correlation estimates.
The full set of results for partial correlation and causal inference analysis are shown in

Supplemental Table S4.

B. Proposed causal model of mTORC1 activation by p—catenin/CBP upstream of induction
p-EMT. The dashed line indicates that mTORC1 activation of B—catenin/CBP may be direct

and/or mediated by Myc.
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Figure 3: Functional Analysis ldentifying Transcriptional Mediators Between p-catenin/CBP

and mTORCI1 Signaling

Functional analysis comparing gene expression to enrichment scores of p-catenin/CBP and
mTORC1 signaling and protein expression for both scRNAseq and CCLE cell line data.

A. Rank-based analyses of comparisons of correlation between the expression of genes

in the scRNAseq data and GSVA-based enrichment scores for each of the three total
[B-catenin/CBP and mTORCL gene sets. Genes are ranked according to their minimum
correlation across all three analyses. Members of each of these signatures are shown below
these rankings, as well as p-EMT markers and genes encoding raptor binding proteins.
[B-catenin/CBP geneset members are split into two groups based on whether they are up- or
down-regulated by B-catenin/CBP, denoted by red and blue, respectively. Gene sets that are
significantly enriched (FDR < 0.05) based on pre-ranked GSEA are indicated by “*” to the
right of their respective label. The top gene, most highly correlated with both -catenin/CBP
and mTORC1, CCTb5, is shown above the ranking plot. The position of TRiC complex
genes, including CCT5, are labeled. The full set of pre-ranked GSEA analysis results are

shown in Table 3.

B. Repeated analyses of (A) but performed on the TCGA HNSCC bulk expression data for
primary tumor samples. Additional results of sample subsets stratified by HPV status and
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HPV- gene expression subtypes are shown in Supplemental Fig. S1 and Supplemental Table
S6.

C. Repeated analyses of (A) but performed on the CCLE cell line data.

D. Heatmap showing the correlation of expression of genes encoding raptor binding proteins
across GSVA-based enrichment scores and protein expression in CCLE cell line data. “Min.
Cor.” denotes the minimum correlation of these genes shown in (B). A subset of these

genes that are consistently correlated with each enrichment score and protein expression are
labeled to the right of the heatmap. TRiC complex genes within this subset are shown in
boldface.
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Figure 4: B-catenin/CBP Promotes mTORC1, CCT5, and p-EMT Phenotype in Human OSCC
cell lines

A. Immunoblot experiments of S6K and p-S6K in CAL27 and HSC3 cells, following
pharmacological knockdown of B-catenin/CBP with E7386 were conducted. The top and
bottom rows of plots report the statistical results of measuring the ratios of p-S6K to total
S6K and total S6K to GAPDH, respectively. Statistically significant results (p-value < 0.05)
are marked with “*”’s. The full set of statistical results are shown in Supplemental Table S7.
An image of the gel representing one of the three replicates in this experiment is shown to
the left, and images for each of the three replicates shown in Supplemental Fig. S2A.

B. Immunoblots examining raptor and CCT5 in CAL27 and HSC3 cells following
pharmacological knockdown of B-catenin/CBP with E7386. The top and bottom rows of
plots report the statistical results of measuring the ratios of raptor to GAPDH and CCT5 to
GAPDH, respectively. Statistically significant results (p-value < 0.05) are marked with “*”’s,
The full set of statistical results are shown in Supplemental Table S7. An image of the gel
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representing one of the four replicates in this experiment is shown to the left, and images for
each of the four replicates shown in Supplemental Fig. S2B.

C. RT-gPCR experiments of changes in gene expression in HSC3 cells, following either
pharmacological knockdown of p-catenin/CBP with E7386 (left) or SiRNA mediated
knockdown of CCT5. Evaluated genes include CCT5, as well as five p-EMT marker

genes. Statistically significant results (p-value < 0.05) are marked with “*”s. The full set

of statistical results are shown in Supplemental Table S8.
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Figure 5. B-catenin/CBP Promotes p-EMT Phenotype in a 4ANQO Murine Model of OSCC
A. I. H&E analysis of oral tongue lesions from 4NQO- and 4NQO + E7386-treated mice.

Top panel depicts 4ANQO-induced exophytic papillary squamous cell carcinoma comprising
cohesive cells (Area 1) and disorganized discohesive cells (Area 2). The two bottom panels
show the inhibitory effects of E7386 on 4ANQO-induced OSCC development, with oral
epithelia comprising regions of focal acanthosis and mild dysplasia pathology.

A. 1l. Immunofluorescence imaging of cell populations in 4ANQO- and 4NQO + E7386-
treated oral lesions. Area 1 OSCC cells featured broad and punctate E-cadherin junctions
associated with diffuse cytoplasmic p-S6K and low podoplanin signal (small & blow-up
large box, arrow). Area 2 comprised cells with punctate E-cadherin junctions but with
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reduced signal, and displaying higher intensity p-S6K co-localized with a prominent
podoplanin signal (small & blow-up large boxes, arrow). Oral epithelia from 4NQO +
E7386 treated mice displayed regions of mild dysplasia containing cells with well-organized
E-cadherin junctions, diffuse p-S6K and undetectable podoplanin signal ( 7op boxed area,
small & blow-up boxes, arrow). Sagittal section revealed cells with well-organized E-
cadherin cell-contacts, reduced p-S6K and podoplanin signal detected mostly in basal cells
of rete ridges, extending into the spinous layer with diminishing intensity (Bottom boxed
area, small & blow-up boxes, arrow).

B. Comparison of podoplanin immunofluorescence signals between from 4NQO + E7386
and 4NQO from multiple images per sample. The violin plot shows the distribution (points)
and mean (horizontal lines) of the mean aggregated log(relative immunofluorescence
signals) for each image. The statistically significant difference (p-value = 0.016) is indicated
with “*”
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Table 1:

Differential Pathway/Cell state Enrichment Results for Selected Subgroups

Mean
Subgroup Clusters Pathway/Cell State Difference Enrichment T-score P-value FDR Source
Score
A2 7 1L24.9 1 mTORCL Signaling 0.17 -0.04 1888  156E-72  7.33E-71 a
p-catenin/CBP -0.08 -0.12 -730  595E-13  3.53E-12 b
B2 13,12,8 (E7386) ' ' ' ' '
mTORC1 Signaling -0.19 -0.11 -12.70 2.20E-34 4.75E-33 a
Cell Cycle 0.48 0.34 26.78 1.65E-111 1.13E-109 d
pB-catenin/CBP : :
(ICG001) 0.24 0.21 22.97 7.40E-89 4.29E-87 c
Cc2 4,9,5 B-catenin/CBP
(E7386) 0.19 0.12 20.76 4.83E-76 2.43E-74 b
mTORC1 Signaling 0.11 0.06 8.08 2.49E-15 1.69E-14 a
Myec Signaling 0.21 0.16 13.85 4.87E-39 1.27E-37 a
Epithelial
Differentiation 1 0.61 0.16 11.68 9.38E-24 1.20E-22 d
B-catenin/CBP -0.23 -0.18 -971  3.70E-18  3.25E-17 b
E1 13 (E7386)
B-catenin/CBP _ _ _ 3 A
(1CG001) 0.22 0.17 8.20 4.52E-14 2.96E-13 b
Myec Signaling -0.18 -0.28 -4.97 1.57E-06 4.81E-06 a
p-EMT 0.30 0.08 13.65 2.89E-34 6.05E-33 a
F1 7
TNFa/NFxB 0.21 —-0.05 11.33 1.58E-25 2.25E-24 a
Epithelial _ - .
Differentiation 2 0.66 0.18 22.91 1.88E-49 7.87E-48 d
J1 12
Epithelial
Differentiation 1 0.57 0.03 20.84 6.00E-45 2.16E-43 d
mTORC1 Signaling -0.21 -0.26 -7.92 6.26E-13 3.66E-12 a
miR-145 Targets -0.07 -0.05 -6.35 2.80E-09 1.19E-08 e
2 8 miR-143 Targets -0.06 -0.04 -5.95 2.04E-08 7.85E-08 e
Log?2 fold Mean
Gene CARMN change2.73 Expression1.43 8.82 4.72E-15 2.72E-13
Myec Signaling -0.20 -0.24 —-6.09 9.86E-09 3.91E-08 a

Top pathways characterizing subgroups of head and neck cancer cells from K2T scRNAseq analysis. The location of these subgroups in K2T
derived model and distribution of pathway activity scores are shown in Fig. 1A-C.

amSigDB Hallmarks of Cancer34:35
bExperimentaI

%ublished”

“Published10

eTargetScan%
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Cox Proportional Hazards Survival Testing Results of TCGA BRCA Bulk Gene Expression Projections onto
Subgroup Gene Signatures

Subgroup Clusters Hazard Ratio Z-score  P-value  FDR
M1 0 0.95 4.07 4.66E-05 0.001
B1 3,0,6,1,10 0.95 3.95 7.93E-05 0.001
Al 3,0,6,13,1,8, 10, 12 -1.09 -3.22 1.30E-03 0.011
J2 8 -0.92 -2.94  3.30E-03 0.021
D1 3,6 0.57 2.84 4.49E-03  0.023
K2 2 0.61 2.65 7.95E-03 0.034
L1 4 -0.89 —-2.55 1.08E-02 0.036
El 13 -0.54 -2.54 1.11E-02 0.036
B2 13,8, 12 -0.47 -2.38 1.73E-02  0.050
F1 7 0.37 211 3.47E-02  0.090
M2 1 -0.60 -1.93 5.30E-02 0.125
D2 0,1,10 —-0.46 -1.48 1.39E-01 0.302
F2 2,11 0.22 1.35 1.76E-01 0.341
11 0,1 -0.43 -1.30 1.94E-01 0.341
A2 7,9,2,54,11 0.18 1.29 199E-01 0.341
G2 5 -0.46 -1.24  214E-01 0.341
C1 7,2,11 -0.48 -1.22 2.23E-01 0.341
L2 9 —-0.40 -1.18 2.40E-01 0.347
12 10 -0.40 -1.12 2.61E-01 0.357
K1 11 0.17 0.92 3.56E-01 0.432
C2 9,54 0.13 0.92 3.58E-01 0.432
Gl 9,4 0.13 0.90 3.66E-01 0.432
H1 3 0.21 0.69 490E-01 0.554
H2 6 -0.10 —-0.56 5.78E-01  0.626
J1 12 0.08 0.46 6.46E-01 0.672
E2 8,12 0.08 0.23 8.21E-01 0.821

Statistical results from survival analyses, comparing signature projections derived from each subgroup on TCGA bulk gene expression data. The
Clusters column indicates sets of cell clusters that belong to each subgroup label. For visualization, Kaplan-Meier curves for subgroups, F1, B2,
E1, and J2 are shown in Fig. 1D.
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Results of Pre-ranked GSEA Comparing Minimum Correlations of Gene Expression to mTORC1 and -
catenin/CBP and Annotated Gene Lists

# Genes in Data

Name Score  P-value FDR Set
B-catenin/CBP (E7386, Up-regulated) 0.24  1.00E-03  1.00E-03 954
B-catenin/CBP (E7386, Down-regulated) -0.06 1.00E-03 1.00E-03 1124
B-catenin/CBP (1CG001, Up-regulated) 0.20 1.00E-03  1.00E-03 1200
scRNAseq Data B-catenin/CBP (ICG001, Down-regulated) -0.11 ~ 1.00E-03  1.00E-03 1324
mTORC1 0.38 1.00E-03  1.00E-03 197
p-EMT 0.31 1.00E-03  1.00E-03 100
Raptor 0.49 1.00E-03  1.00E-03 106
B-catenin/CBP (E7386, Up-regulated) 0.33 1.00E-03  4.90E-02 930
[B-catenin/CBP (E7386, Down-regulated) -0.07 1.00E-03 4.90E-02 1083
B-catenin/CBP (1CG001, Up-regulated) 0.41 1.00E-03  4.90E-02 1172
TCGA HNS&%’;@S‘ (AllTTumor 1 4 atenin/CBP (ICGO0L, Down-regulated) —-0.15 1.00E-03  4.90E-02 1270
mTORC1 0.39 1.00E-03  4.90E-02 196
p-EMT 0.37  1.00E-03  4.90E-02 98
Raptor 0.50 1.00E-03  4.90E-02 105
B-catenin/CBP (E7386, Up-regulated) 0.31  1.00E-03 1.17E-03 919
B-catenin/CBP (E7386, Down-regulated) -0.14 1.00E-03 1.17E-03 1052
B-catenin/CBP (1CG001, Up-regulated) 0.41 1.00E-03  1.17E-03 1149
CCLE Data B-catenin/CBP (ICG001, Down-regulated) -0.29  1.00E-03  1.17E-03 1224
mTORC1 0.35 1.00E-03 1.17E-03 197
p-EMT -0.12 1.20E-01 1.20E-01 98
Raptor 0.47 1.00E-03  1.17E-03 106
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