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Abstract

Background and Aims: HCC is a highly aggressive and heterogeneous can-
cer type with limited treatment options. Identifying drivers of tumor heteroge-
neity may lead to better therapeutic options and favorable patient outcomes.
We investigated whether apoptotic cell death and its spatial architecture is
linked to tumor molecular heterogeneity using single-cell in situ hybridization
analysis.

Approach and Results: We analyzed 254 tumor samples from two HCC
cohorts using tissue microarrays. We developed a mathematical model to
quantify cellular diversity among HCC samples using two tumor markers,
cyclin-dependent kinase inhibitor 3 and protein regulator of cytokinesis 1 as
surrogates for heterogeneity and caspase 3 (CASP3) as an apoptotic cell death
marker. We further explored the impact of potential dying-cell hubs on tumor
cell diversity and patient outcome by density contour mapping and spatial prox-
imity analysis. We also developed a selectively controlled in vitro model of cell
death using CRISPR/CRISPR-associated 9 to determine therapy response and
growth under hypoxic conditions. We found that increasing levels of CASP3*
tumor cells are associated with higher tumor diversity. Interestingly, we discov-
ered regions of densely populated CASP3*, which we refer to as CASP3" cell
islands, in which the nearby cellular heterogeneity was found to be the greatest
compared to cells farther away from these islands and that this phenomenon
was associated with survival. Additionally, cell culture experiments revealed
that higher levels of cell death, accompanied by increased CASP3 expression,
led to greater therapy resistance and growth under hypoxia.

Abbreviations: Cas9, CRISPR-associated 9; CASP3, caspase 3; CD, cell death; CDKN3, cyclin-dependent kinase inhibitor 3; DOX, doxycycline; HRP-C,
horseradish peroxidase isozyme C; ITH, intratumoral heterogeneity; LCI, Liver Cancer Institute; MCL-1, myeloid cell leukemia 1; MOI, multiplicity of infection;
PRC1, protein regulator of cytokinesis 1; RNAseq, RNA sequencing; sgRNA, single-guide RNA; TIGER-LC, Thailand Initiative in Genomics and Expression
Research for Liver Cancer; TMA, tissue microarray.
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APOPTOSIS AS A MODIFIER OF TUMOR DIVERSITY IN HCC

Conclusions: These results are consistent with the hypothesis that increased
apoptotic cell death may lead to greater tumor heterogeneity and thus worse

patient outcomes.

BACKGROUND

Intratumoral heterogeneity (ITH) can be classified as
one of the largest clinical conundrums in treating can-
cer today. Defined as the genomic and phenotypic dif-
ferences seen among individual cancer cells within the
same tumor, ITH poses significant challenges in deter-
mining and creating molecularly targeted therapeutics.
This is especially evident in liver cancer, which is the
fourth deadliest cancer type in the world, amounting to
over 782,000 of deaths per year with 5-year survival
rates at a dismal 18%."?' HCC, the most common form
of liver cancer, contains vast levels of heterogeneity
with numerous cancer mutations but no dominant driv-
ers, making current standard-of-care practices limited
in improving patient outcomes.! Identifying plausible
mechanisms of tumor heterogeneity can lead us to-
ward developing better approaches to combat can-
cer’s destructive power and therapeutically exploit its
diversity. Recently, we tested the idea of cell death as
a contributor in promoting increased tumor diversity.[‘”
Consistently, we found that the degree of cell death in
each tumor measured by an apoptotic index is positively
correlated with the Tumor Shannon Entropy Index (a
metric that measures cellular diversity in individual can-
cer cells) in seven cancer types with available single-
cell RNA-sequencing (RNAseq) data. Moreover, when
patients were stratified in high versus low expression
on the apoptotic index, those in the high-risk category
had worse overall survival compared to those in the
low-risk group.[‘”

Here, wusing single-cell in situ hybridization
(RNAScope technology), we aimed to validate our
previous findings of increased apoptotic cell death in
promoting tumor diversity using patient tumor tissue
microarrays stained with an apoptotic marker and two
other markers to model the state of heterogeneity of
the tumor and correlate with patient outcome. We con-
ducted a robust computational approach to identify two
markers of heterogeneity, cyclin-dependent kinase in-
hibitor 3 (CDKN3), a gene involved in cell cycle regu-
lation, and protein regulator of cytokinesis 1 (PRCT1),
a gene involved in mitosis that can be used for tissue
staining. We further analyzed the spatial relationship
between caspase 3—positive (CASP3") cells as a sur-
rogate for dying cells and the nearby cellular diversity.
Lastly, we developed an in vitro CRISPR/CRISPR-
associated 9 (Cas9) model to selectively induce varying
levels of cell death and measure therapeutic response
and growth under hypoxic conditions as an extension

of our RNAScope findings. Together, our findings pro-
vide valuable and additional insights into the plausible
connection between cell death and tumor diversity and
why we must adapt our method of treating cancer by
incorporating the evolutionary patterns that tumor cells
will undergo and their intricate spatial architecture that
maintains their longevity and survival.

PATIENTS AND METHODS
Cohorts and clinical specimens

The data for the Liver Cancer Institute (LCI) was pub-
licly downloaded from the Gene Expression Omnibus
(GSE14520).5! The Cancer Genome Atlas Liver
Hepatocellular Carcinoma data set was downloaded
from Xenabrowser (https://tcga.xenahubs.net). The ex-
pression data for the Thailand Initiative in Genomics
and Expression Research for Liver Cancer (TIGER-LC)
is publicly available through from the Gene Expression
Omnibus (GSE76297).°! The single-cell RNAseq
data are publicly available through from the Gene
Expression Omnibus (GSE125449).°! For the in situ hy-
bridization staining using RNAScope, all patients with
HCC from TIGER-LC were included, and a subset of
the highest-quality samples from the LCI patients with
HCC was selected for the tissue microarrays (TMAS).
Informed consent was obtained from all patients in-
cluded in both cohorts and approved by the Institutional
Review Boards of the respective institutions. A descrip-
tion of patient characteristics is summarized in Table
S1 (note: not all samples contained clinical information;
therefore, the values reported may not match the total
number of patients per cohort).

TMAs and RNAScope in situ hybridization

TMAs were constructed on 1.0-mm cores from
formalin-fixed, paraffin-embedded (FFPE) tissue from
our LCl and TIGER-LC cohorts. Matched tumor and
nontumor tissues were used for each patient as well
as internal control tissues mounted as TMAs using
Superfrost PLUS Slides (Thermo Fisher Scientific;
catalog no. 5951PLUS). RNAScope staining was per-
formed on 5-um TMA sections using the multiplex
v2 assay kit (Advanced Cell Diagnostics; catalog no.
323100). For each TMA, two extra sections were cut
and mounted onto slides for positive and negative
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controls. Target probes were designed for the follow-
ing genes: CASP3, CDKN3, and PRC1. In addition,
probe-Hs-PPIB (catalog no. 313901; Advanced Cell
Diagnostics) and probe-dapB (catalog no. 310043;
Advanced Cell Diagnostics) were used as positive and
negative controls, respectively. Briefly, FFPE sections
were deparaffinized using Tissue-Tek clearing agent
dishes with fresh xylene and ethanol at varying concen-
trations. Five drops of RNAScope hydrogen peroxide
were added to each deparaffinized slide and incubated
for 10 min at room temperature (RT), then removed,
followed by washing with distilled water. Slides were
then placed into a glass cylinder containing 1x target
retrieval at 99°C for 15 min, then rinsed with distilled
water and placed into 100% ethanol for 3 min, followed
by drying in the HybEZ Oven at 40°C (this tempera-
ture is kept constant for the remaining steps) for 5 min.
Five drops of Protease Plus were added to each slide,
and slides were placed back into the oven for 15 min,
then washed with distilled water. Target probes were
warmed for 10 min at 40°C, then mixed together, and
four drops were placed onto each slide. All slides were
placed into the oven for 2 h, then immediately washed
with 1x wash buffer for 2 min at RT twice. Four drops
of Amp 1 were added to all slides, which were placed
in the oven for 30 min, followed by washing. This step
was repeated for Amp 2 and Amp 3. Opal fluorophores
520 (PerkinElmer; catalog no. FP1487001KT), 570
(catalog no. FP1488001KT), and 590 (FP1497001KT)
were each diluted 1:1000 separately using DMSO. The
horseradish peroxidase isozyme C1 (HRP-C1) signal
was developed by adding four drops of HRP-C1 to each
slide, placed in the oven for 15 min, and washed twice.
The diluted Opal 520 solution was added to each slide
(100 pl), incubated for 30 min in the oven, and washed
twice. Four drops of HRP blocker were added to each
slide, and slides were incubated for 15 min and washed
twice. The HRP-C2 and HRP-C3 channels were de-
veloped as stated above. Vector TrueVIEW reagent
(Vector; TrueVIEW Autofluorescence Quenching Kit;
catalog no. SP-8400-15) was prepared according to
the manufacturer’s protocol and added to each slide
to reduce autofluorescence of tissue staining. Slides
were counterstained with DAPI and immediately
mounted using Prolong Gold antifade mounting me-
dium (ThermoFisher Scientific; catalog no. P36934).
Slides were dried overnight and imaged the next day.

TMA image acquisition and quantification
using HALO

Slides were imaged using a Nikon SoRa superresolu-
tion spinning disk microscope at x20. All imaging set-
tings were optimized to the negative control slides, and
z stacks were obtained to generate a maximum inten-
sity z-projection for each slide. Slides were analyzed

using Indica Labs’ pathology software HALO Image
Analysis Platform containing the TMA, Multiplex FISH,
and Spatial Modules. Single-cell probe copies were
quantified, and proximity analysis between each target
probe was conducted.

Computing a diversity score (Shannon
Index) of the expression of heterogeneity
markers CDKN3 and PRC1 and HALO
proximity analysis

To determine the heterogeneity state of each tumor
sample, CDKN3 and PRC1 were selected as surro-
gates to model heterogeneity based on the analysis
described above.” A Shannon Index (H,jt) was used to
compute a diversity score for each patient sample:

Hiji = — Zpjj X Inpy

H,.jt is the calculated Shannon Index, p;; is the propor-
tion of selected cell population j and the total number of
cells j, and t is the time point. Unique cell populations
were determined by the proportions of cells that stained
positive for either CDKN3, PRC1, or both as well as
the degree of positivity. The degree of positivity was
calculated based on creating a matrix of expression
for each cell. Cells were stratified into groups based
on whether the probe count for each gene totaled 0-2,
2—-4, 4-6, 6-8, and 10-infinity, creating 36 unique
cell populations based on the degree of positivity of
CDKN3" cells, PRC1" cells, dual-positivity cells, and
dual-negativity cells. Low versus high short Shannon
Index scores were based on the median value for each
cohort (due to the small sample size), which were 0.486
for LCl and 0.581 for TIGER-LC.

To assess the distances from a CASP3" cell to a
CDKN3*PRC1* cell, the HALO proximity analysis mod-
ule was used, which only allowed for the selection of
two unique cell populations. For each patient, each
distance of a CASP3" cell to a nearby CDKN3*PRC1*
cell was measured, and the average distance was cal-
culated; therefore, each patient had one value depicted
as the overall average distance. Next, patients were
stratified based on whether they had an overall average
short distance versus long distance, which was based
on the median value for each cohort.

Classification of CASP3" cell islands and
Shannon entropy calculation

To determine first whether there exists a collective den-
sity of CASP3" (>1 probe copy of CASP3 per cell was
used as the cutoff) in regions of a tumor, density con-
tour maps were generated using R Studio, which per-
forms a two-dimensional kernel density estimation at
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subsequent levels. From here, we selected the contour
level/line that best reflected the true CASP3* cell island
and determined the entropy of nearby cells using the
entropy package from R Studio. All CASP3-negative
cells were divided into short versus long groups. We
assessed the diversity (also referred to as entropy)
score of CDKN3*PRC1* cells, CDKN3* only cells,
and PRC1" cells within a short or long distance to a
CASP3" cell island. We calculated the diversity (or en-
tropy) based on these three unique cell populations
using the entropy package in R. This classification was
determined by capturing cells within a distance of 100
arbitrary units using the spatial coordinate map for the
short distance group. All other cells classified outside
of the distance of 100 were grouped as long distance.
Low versus high short Shannon entropy scores were
based on the median value for each cohort.

For further details regarding materials and methods,
please refer to the Supporting Information.

RESULTS

Selection of heterogeneity markers to
model tumor diversity

To identify markers to use for the RNAScope in situ hy-
bridization assay, a robust computational approach was
used. This method is summarized in the Supporting
Information. From this approach, CDKN3 and PRC1
were selected. For an apoptotic marker, CASP3 was
selected to measure the apoptotic levels of each tumor
sample as its mMRNA expression from our RNA-seq
data correlates with an apoptotic index we previously
calculated (Figure S1B),! and multiple studies have
shown it to be a reliable readout of the apoptotic lev-
els in tumor samples.[4'8'9'10'”'12] We further confirmed
that the expression of CASP3, CDKN3, and PRC1 is
highly variable and tumor-specific in three bulk tran-
scriptome HCC cohorts (Figure S2A-C). To begin the
RNAScope assay, positive and negative control probes
were stained, to ensure that the sensitivity and specific-
ity of the assay in our patient samples before initiating
staining of the markers (Figure S3). The workflow for
staining includes using TMAs of paired nontumor and
tumor samples in our discovery cohort (LCI), and after
undergoing RNAScope staining, each slide was im-
aged using confocal microscopy and quantified using
HALO by Indica Labs (Figure 1A). This experimental
workflow was then used again in our validation cohort
(TIGER-LC). Single-cell detection of each marker is de-
noted by individual dots with CASP3 in green, CDKN3
in red, and PRC1 in purple and cell nucleus detection
by DAPI staining with HALO software approximating
cytoplasm boundary (Figure 1B). The average cop-
ies of each marker, CASP3, CDKN3, and PRC1, were
quantified in both cohorts and showed highly variable

expression in tumor compared to nontumor samples,
indicating varying degrees of apoptotic cell death and
heterogeneity, proving that these markers are suffi-
cient to model the diversity of each tumor sample at
the single-cell level (Figure 1B). Furthermore, the tis-
sue expression of CASP3 from the RNAScope assay
modestly correlated with our LCI transcriptome RNA-
seq data (Figure S4A). On a larger scale, the total
percent positivity for each of the markers was also
highly abundant and variable in both cohorts (Figure
S4B,C). We further validated CASP3 as a surrogate
for cell death by conducting an in vitro experiment of
treating HuH1 cells, an HCC line, with doxorubicin at
varying concentrations to induce different levels of
cell death (Figure S5A). We found that as the degree
of cell viability decreased (i.e., higher cell death), the
CASP3 mRNA expression of these cells significantly
increased (Figure S5B). Furthermore, the protein levels
of cleaved CASP3 increased with increased cell death
(Figure S5C), and when tumor samples were stratified
by cleaved CASP3 expression through immunohisto-
chemistry, patients who had a higher immunohisto-
chemistry score had higher levels of CASP3 positivity
in the RNAScope assay (Figure S5D). Thus, the mRNA
CASP3 levels could be used as a sensitive marker
and surrogate of cell death. Given these findings, it is
evident that single-cell in situ hybridization staining of
CASP3, CDKN3, and PRC1 using the RNAScope plat-
form can recapitulate the diverse and tumor-specific
expression in our two liver cancer cohorts and can be
used to further understand the tumor and microenvi-
ronmental spatial architecture of our patient samples.

Increased apoptotic cell death is
associated with increased tumor diversity

In order to assess the heterogeneity level of each tumor
sample, a Shannon Index (quantification of entropy)
scorel”! based on the percent of cell populations that
express CDKN3, PRC1, both, or neither was computed
for each paired tumor and nontumor sample. In both
cohorts, tumor samples (LCI, 0.809 [mean] + 0.832
[SD]; TIGER-LC, 0.702 + 0.604) displayed a signifi-
cant increase in diversity (Shannon Index) as well as
higher variability compared to nontumor samples (LClI,
0.358 + 0.310; TIGER-LC, 0.158 + 0.205), demonstrat-
ing that quantification of heterogeneity based on these
markers reiterates published literature that diversity can
be measured using samples stained with a selected
number of markers (Figure 2A).""314% Moreover, the
percent CASP3 positivity in tumor samples was posi-
tively associated with its corresponding Shannon Index
in LCI (R =0.716, p < 0.0001) as well as in TIGER-LC
(R =0.708, p < 0.0001; Figure 2B). These findings cor-
roborate our previous work showing that increased
apoptotic levels among single cells from single-cell
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tumor selection, processing, staining, imaging, and computational pathology quantification using HALO software. (B) Top panel: (a)
Representative TMA core image, scale bar, 200 pm. (b) Representative image stained with all markers (DAPI, blue; CASP3, green; CDKN3,
red; PRC1, purple). (c) Output image of HALO analysis of single-cell detection (smaller circle indicates nucleus detection, larger circle
indicates cytoplasm detection). (d) Single-cell detection of CASP3 with solid circular outline indicating nucleus detection and dotted circular
outline indicating cytoplasm detection. (e) Single-cell detection of CDKN3 with solid circular outline indicating nucleus detection and dotted
circular outline indicating cytoplasm detection. (f) Single-cell detection of PRC17 with solid circular outline indicating nucleus detection and
dotted circular outline indicating cytoplasm detection. Scale bars (d—f), 10 pm. Bottom panel: Quantification of average copies of CASP3,
CDKN3, and PRC1 per single cell in our discovery cohort (LCI) and validation cohort (TIGER-LC). All p values are reported in the figure.
NT, nontumor; QC, quality control; T, tumor
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RNA-seq data are associated with increased tumor di-
versity.[4] Furthermore, to assess whether there is a bio-
logical impact of high ITH, patients in each cohort were
stratified in high versus low Shannon Indices based on
the median value, and their survival data were com-
puted. For the LCI cohort, the HR was numerically higher
for high Shannon Index compared to low; however, the
results were not statistically significant (HR, 1.60; 95%
Cl, 0.97-2.64; Figure 2C). Likewise, TIGER-LC patients
also displayed a higher HR for high Shannon Index com-
pared to low, but this comparison was not statistically
significant (HR, 2.15; 95% CI, 0.85-5.45; Figure 2C).

Together, these data suggest that tumor-specific diver-
sity may be influenced by the degree of apoptotic cell
death, which can be related to patient outcome, similar
to our previously published findings.[4]

Tumor diversity is influenced by the
spatial context of an apoptotic cell

To determine the impact of apoptotic cell death on the
surrounding tumor diversity, spatial analysis was con-
ducted between two distinct cell populations, CASP3*
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cells and CDKN3*PRC1* cells (Figure 3A). We inves-
tigated the spatial relationship between an apoptotic
cell and nearby diverse cell populations by dividing
patients into short versus long distances (Figure 3B)
and determined the relationship between percentage
of CASP3 positivity and Shannon Index. Interestingly,
patients whose distance of a CDKN3"PRC1* double-
positive cell to a CASP3* cell was considered short
existed on the high end of the percentage of CASP3*
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and Shannon Index spectrum, meaning the shorter
the distance, the greater the diversity of the tumor
(LCI, R = 0.712, p < 0.0001; TIGER-LC, R = 0.533,
p = 0.0006; Figure 3B). Those whose distances were
longer displayed lower levels of CASP3 positivity and
lower tumor diversity (LCI, R = 0.292, p = 0.0047;
TIGER-LC, R = 0.375, p = 0.054; Figure 3B). These
observations imply that the diversity of a tumor may
be influenced by the degree of apoptotic cell death as

CDKN3+PRC1+ cell

CDKN3+PRC1+
CASP3+ cell

[o]]
cell 9

+HALO Proximity Analysis

3 TIGER-LC
® short, R=0.533, p=0.0006
long, R=0.375, p=0.054
X 2 >
— @
_8 % o -
£ .
= ® ., )
% ® ) "/e/ =S
_ ® g o
<'<l:) 1 /e’" :0
,,D“ ° :
- %
04 : ;
0 20 40 60
% CASP3 Positive
>
TIGER-LC 5
25 200 8
)
(@]
e 150 %g
% u S
E15] >
5 100 8 %
c o
§1.0— 5o
& 00
F50 @ O
0.5 =2
=5
0.0 = - %
Low Medium High Q
CASP3* cells +

éShannon Index % Spatial Distance

FIGURE 3 Cell death promotes tumor diversity by spatially interacting with its neighboring cells. (A) Representative image and analysis
output obtained from HALO of the proximity analysis of a diverse cell (CDKN3*PRC1") in blue to an apoptotic cell (CASP3*) in yellow. Each
proximity line was classified into either short versus long based on the cutoff of 14.25 um. (B) Classification of patients who have higher
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well as the spatial context of an apoptotic cell. Similarly,
we divided patients into low, medium, and high levels
of CASP3" cells based on quartiles and found a step-
wise increase in the Shannon Index and a stepwise
decrease in the spatial distance of diversity to an apop-
totic cell (Figure 3C).

Tumor CASP3" cell islands increase
nearby heterogeneity

To further investigate the role of apoptosis in promot-
ing nearby tumor diversity, we classified CASP3" cell
islands based on CASP3* cells using density contour
mapping. We hypothesized that diversity is the great-
est within a close proximity to a collective body of
cells classified as a CASP3" cell island (Figure 4A).
Coordinates for each individual cell were extracted,
and density maps of CASP3 expression were curated
for each patient. Interestingly, we found that patients’
tumor samples exhibited a collection of CASP3* cells
to form islands, with each tumor having a unique island
architecture distinct from one another (Figure 4B). To
assess the diversity near these CASP3* cell islands, a
Shannon entropy score was determined for cells within
a short distance (determined by a contour level of 1 or 2,
which was kept constant for each tumor), and all other
cells were classified as long distance. We observed
significantly higher levels of cell diversity within a short
distance to an CASP3* cell island for contour level
1 compared to the long distance entropy in both LCI
(short, 0.584 + 0.525; long, 0.391 £ 0.386; p = 0.0002)
and TIGER-LC (short, 0.589 + 0.409; long, 0.396 *
0.324; p = 0.0042) cohorts (Figure 4C). Furthermore,
when the selection of the boundary for the CASP3" cell
island was changed to contour level 2, we observed
significantly similar results between short and long en-
tropies (LCI, short, 0.606 + 0.548; long, 0.421 + 0.414;
p = 0.0006; TIGER-LC, short, 0.615 + 0.432; long,
0.473 £ 0.350; p = 0.045) as in contour level 1, showing
that this phenomenon is stable across different areas of
an island (Figure 4C).

Moreover, patients were divided into low versus
high short entropy scores based on the median, and
we found that those in the high category for the LCI
cohort exhibited a significantly worse overall survival
compared to the low category group within the short
entropy classification (HR, 2.10; 95% CI, 1.21-3.66;
p = 0.015; Figure 4D). Likewise, in the TIGER-LC co-
hort, patients in the high category group displayed sig-
nificantly worse overall survival versus the low category
group within the short entropy classification (HR, 3.09;
95% CI, 1.07-8.93; p = 0.037; Figure 4D). Interestingly,
when patients were similarly divided into high versus
low for the long distance entropy classification, no sig-
nificant difference in survival was observed (Figure 4D).
Because several clinical variables were associated with

HCC prognosis, we further determined whether tumor
heterogeneity—associated survival was confounded by
underlying clinical conditions. Univariate and multivari-
ate Cox proportional hazards regression analyses were
conducted to assess the influence of various clinical
variables with the short entropy scores for each cohort
(Table S2). A univariate analysis of various clinical vari-
ables in the LCI cohort uncovered short entropy, age,
alpha-fetoprotein levels, tumor size, and metastasis as
significant predictors of survival; and for the TIGER-LC
cohort, the variables short entropy, Child-Pugh score,
and tumor size were significant predictors of survival.
We next performed a multivariate Cox proportional
hazards regression analysis comprised of univariate
variables with p < 0.05 as described above for each
cohort and found that the short entropy score was an
independent predictor of patient survival (LCI, HR,
3.4; 95% CI, 1.1-10.8, p = 0.038; TIGER-LC, HR, 5.5;
95% ClI, 1.2-24.0; p = 0.025). These results show that
regions within a tumor that form CASP3" cell islands
cause greater diversity in shorter proximity to collective
apoptotic cell death versus cells that are farther away
and that this phenomenon may be related to patient
outcome.

Selective induction of cell death may lead
to therapy resistance

To further expand upon our RNAScope findings, we
created an in vitro model to selectively induce cell death
at different levels using CRISPR/Cas9 gene editing in
order to assess whether subjecting cells to greater lev-
els of cell death leads to increased heterogeneity of the
cell population. We used a tet-on inducible Cas9 plas-
mid whose expression is activated upon the addition
of doxycycline (DOX) and inserted a single-guide RNA
(sgRNA) of myeloid cell leukemia 1 (MCL-1; an antia-
poptosis gene), knockout of which would promote cell
death (Figure 5A). A stable Cas9-expressing Huh1 cell
line was created (Figure 5B), and validation of MCL-1
knockout and reduction of cell death at varying multi-
plicity of infection (MOI) were observed (Figure 5C). To
selectively induce different levels of cell death, various
concentrations of DOX were added to Huh1 Cas9 cells
transduced with the sgRNA virus at an MOI of 2; and
concentrations of 0.01, 1.0, and 4.0 pg/mL mimicked
0%, 50%, and 90% cell death (CD°, CD%°, CD%), re-
spectively (Figure 5D). Next, the heterogeneity state of
cells subjected to CD°, CD®, and CD®® was assessed
by therapeutic induction of doxorubicin. Greater ther-
apy resistance (i.e., lower drug sensitivity) is a com-
mon feature illustrated in highly heterogeneous tumor
cell populations,”e'ml and we tested this phenomenon
5 days post—gene knockout of MCL-1 (Figure 5E, left
panel). Interestingly, we found that cells subjected to the
highest level of cell death (CD®°), rather than CD*°, had
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a significantly reduced sensitivity to doxorubicin, which
may infer that a higher degree of cell death is needed to
promote a more aggressive phenotype (Figure 5E, right
panel). Subsequently, when more time was given to the
cells subjected to CD?, CD%°, and CD®° to recover and
then treated with doxorubicin for 48 h or placed in a
hypoxic chamber for 48 h (Figure 5F), over time the
rate of proliferation in the CD®Y group increased faster
(Figure 5G), and the cells survived in hypoxic condi-
tions (Figure 5H). Similar results were obtained in an-
other HCC cell line, Hep3B (Figure S6). Together, these
results illustrate in a controlled setting that induction of
higher levels of cell death leads to increased therapy
resistance and survival in hypoxic conditions, which
can be indicative of the heterogeneity level of the tumor
cell population.

DISCUSSION

In this study, we sought to determine if there is a direct
link between apoptotic cell death and diversity using
a multiplex fluorescence-based assay that can meas-
ure selected markers at the single-cell level. We used
a single cell-based in situ hybridization assay in paired
tumor and nontumor samples from patients with HCC.
Furthermore, we show that apoptotic cell death can be
linked to tumor heterogeneity using various mathemati-
cal modeling data obtained from stained tumor sections.
After appropriate quality controls and optimization, we
were able to successfully obtain single cell-level ex-
pression data of three markers, CASP3, CDKN3, and
PRC1, to use for further characterization. We show that
as the level of apoptotic cell death increases in a tumor,
the degree of diversity measured by a Shannon Index
increases. To further examine whether apoptotic cell
death can be associated with tumor diversity, we meas-
ured the spatial distance of our heterogeneity markers
to an apoptotic cell. We found that tumors with a high
degree of apoptotic cell death and high Shannon Index
exhibited shorter distances of a CDKN3*PRC1* cell to
a CASP3" cell. Next, we wanted to determine if an ap-
optotic cell works alone or collectively as an island to
promote the greatest diversity nearby and found that
there are distinct regions within a tumor where CASP3"
cells collectively reside. Interestingly, we found that the
highest level of diversity was near regions of densely
populated apoptotic cells, or what we refer to as “is-
lands,” and that this phenomenon was associated with
survival. Through recent research observations, we
have come to appreciate tumor heterogeneity as an in-
trinsic mechanism of tumor cell survival and evolution
and not a random and chaotic event. It is plausible that
one way a tumor can further promote heterogeneity so
that therapies will not eliminate it is through its own self-
destructive mechanisms such as collective apoptosis in
the form of islands. These islands can release nutrients

into the microenvironment and create space for future
minor clones to expand, thus increasing the propensity
of tumor cells to acquire further heterogeneity to nearby
surroundings. Our in vitro experimental models under
controlled levels of cell death linked to chemotherapy
resistance are consistent with this hypothesis.

We have long viewed cancer cell death as the ulti-
mate goal in achieving remission and favorable ther-
apeutic outcomes. However, increasing evidence has
shed light on the oncogenic effects of cell death, spe-
cifically apoptosis. Various mechanisms have been
proposed to elucidate how apoptosis may be protumor-
igenic instead of antitumorigenic. These include growth
factors that are released from apoptotic bodies that can
promote cancer stem cell proliferation and immune si-
lencing, selection of treatment-resistant cancer clones
causing tumor repopulation, and finally crosstalk be-
tween an apoptotic cell and the microenvironment that
can lead to proangiogenic proliferation, trophic support,
and tumor immune escape.”g] All of these mechanisms
can allow tumors to continue to evolve and maintain
their heterogeneous state as diversity intrinsically en-
sures their continued survival. Just like any other spe-
cies that promotes various traits within their population,
cancer cells use the same phenomenon to evolve
through time. While it may seem paradoxical to associ-
ate increased cell death with greater tumor diversity and
ultimately worse patient outcome, these findings show
that a potential mechanism to cause tumor heteroge-
neity can be related to the removal of major clones in a
tumor ecosystem by apoptosis. This scenario can pro-
vide the necessary room for minor clones that did not
make up the majority of the tumor and were not elim-
inated by therapy to repopulate the tumor region and
promote further diversity. This phenomenon is com-
monly termed competitive release as therapy selects
for the resistance clones, thus making the tumor more
difficult to treat further along the treatment course.2%2"]
Another possible implication of how cell death in the
form of apoptosis can lead to increased diversity is that
apoptotic bodies that are released into the microenvi-
ronment can fuel the proliferation and survival of other
cell types nearby and thus continue to create a diverse
tumor population.[22'24]

While there have been mechanisms proposed that
may cause tumor heterogeneity such as genomic in-
stability, inefficient DNA repair machinery, mutational
burden, and impaired immune response,[25'28] one
that often gets overlooked is induction of therapy. It
has long been known that cancers, especially in late
stages, do not respond favorably to remission. While
there are many reasons for this, one that is a com-
mon phenomenon that can be seen in all solid cancer
types is the selection of resistant clones within a tumor
through elimination of the sensitive clones by induction
of molecularly targeted therapy.[29'34] Thus, destruction
or death of a selected group of cancer cells within a
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tumor can make tumors more heterogeneous as the re-
sistance clones that get left behind can repopulate the
vacant niche through expansion of minor clones with
diverse characteristics.

On the contrary, one mechanism of tumor het-
erogeneity that has not yet been proposed is the
collective assembly of apoptotic cells in a tumor to
form a CASP3* cell island to elicit diversity from its
nearby surroundings. We believe cancer cells may
behave in a collective and symbiotic manner such as
the creation of “apoptotic islands” within a tumor that
promote cell death in certain regions to further its di-
versity and microenvironmental heterogeneity, much
like how cooperativity and symbiosis have long been
observed in organismal species as mechanisms for
survival 3536

The findings of this study highlight critical observa-
tions that can be made when integrating the spatial in-
formation with transcriptomic profiles of individual cells.
Here, we propose that cell death is not a random event
but a coordinated effort among multiple cancer cells
to form dense, CASP3" cell islands that can cause
greater local heterogeneity than if each cell were to
work alone. Overall, our study shows not only that can-
cer cell death can be related to tumor heterogeneity
but that there is also an organized coordinated effort
among cancer cells to collectively induce apoptosis in
order to maximize nearby diversity. Therefore, we must
begin to incorporate our understanding of the spatial
dynamics that make up cells within a tumor to design
better therapeutic options for patients with highly ag-
gressive and treatment-resistant cancers.
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