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Abstract

Serine Threonine Kinase 17A (STK17A) is a ubiquitously expressed kinase originally identified as
a regulator of apoptosis; however, whether it functionally contributes to colorectal cancer (CRC)
has not been established. Here, we have analyzed STK17A in CRC and demonstrate decreased
expression of STK17A in primary tumors which is further reduced in metastatic lesions, indicating
a potential role in regulating the metastatic cascade. Interestingly, changes in STK17A expression
did not modify proliferation, apoptosis, or sensitivity of CRC cell lines to treatment with the
chemotherapeutic 5-fluorouracil. Instead, STK17A knockdown induced a robust mesenchymal
phenotype consistent with the epithelial-mesenchymal transition, including spindle-like cell
morphology, decreased expression of adherens junction proteins, and increased migration and
invasion. Additionally, overexpression of STK17A decreased cell size and induced wide-spread
membrane blebbing, a phenotype often associated with activation of cell contractility. Indeed,
STK17A overexpressing cells displayed heighted phosphorylation of myosin light chain in a
manner dependent on STK17A catalytic activity. Finally, patient-derived tumor organoid cultures
were used to more accurately determine STK17A’s effect in primary human tumor cells. Loss of
STK17A induced morphological changes, decreased E-cadherin, increased invasion, and
augmented organoid attachment on 2D substrates, all-together suggesting a more metastatic
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phenotype. Collectively, these data indicate a novel role for STK17A in regulation of epithelial
phenotypes and indicate its functional contribution to CRC invasion and metastasis.

Implications: Loss of serine threonine kinase 17A occurs in colorectal cancer metastasis,
induces mesenchymal morphologies, and contributes to tumor cell invasion and migration in
colorectal cancer.
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Introduction

In the United States, colorectal cancer (CRC) remains the third most commonly diagnosed
cancer of men and women and the second leading cause of cancer-related mortalities (1).
However, despite its prevalence, both CRC incidence and mortality have steadily declined
over the past decades. This is in part due to increased screening and the ability to remove
many early stage polyps and cancers before they progress to more advanced disease (2).
Indeed, localized CRC is most commonly diagnosed, with a 5-year survival rate estimated at
90% (2). Unfortunately, for the approximately 20% of patients diagnosed with distant or
metastatic disease, the 5-year survival rate is only about 14%. Thus, CRC mortality is
primarily associated with metastatic disease (3).

Tumor metastasis is a sequential yet highly complicated process, involving tumor cell
invasion into the surrounding microenvironment, intravasation into the local vasculature,
arrest and extravasation, and establishment at a secondary site often primed to support tumor
growth (4). While the biological mechanisms underlying the metastatic cascade remain
poorly understood, the initial steps of tumor cell detachment from the primary tumor and
local tissue invasion have often been compared to the developmental process of epithelial-
mesenchymal transition (EMT), in which polarized epithelial cells acquire characteristics
commonly associated with more migratory mesenchymal cells (5). For example, CRC cells
located at the invasive tumor front often display EMT hallmarks, including loss of epithelial
cadherin (E-cadherin), disrupted cellular polarity, upregulation of mesenchymal markers,
altered morphology, and hypermigratory ability (6). However, the absolute requirement for
EMT in metastasis is still controversial, and recent data suggests tumor cell invasion may be
augmented when cells activate certain components of the EMT without inducing a fully
mesenchymal state, which has been referred to as a “partial” or “hybrid” EMT (7,8).

Serine threonine kinase 17A (STK17A), also known as DAP kinase-related apoptosis-
inducing protein kinase 1 (DRAK1), is a ubiquitously expressed kinase. It was originally
noted to have a catalytic domain related to that of death-associated protein kinase (DAP) and
observed to induce morphological changes associated with apoptosis, and therefore
suggested to have a role in apoptotic signaling (9). Thus, in the years since its discovery,
multiple studies have focused on its role in regulating cell death and chemotherapeutic
resistance. For example, STK17A is induced by cisplatin in testicular cancer cells as a p53
target gene, while S7TK17A downregulation is observed in drug resistant subclones of MeWo
melanoma cells (10,11). STK17A expression is upregulated following combined treatment
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with the proteaseome inhibitor bortezomib and gemcitabine in gemcitabine-resistant
pancreatic cancer cells (12). STK17A’s roles in promoting apoptosis were thought to
mediate the increased sensitivity observed by the combined therapies (12). Furthermore,
depletion of STK17A in ovarian cancer cells by siRNA rendered them less sensitive to
paclitaxel and carboplatin, while STK17A overexpression resulted in increased drug
sensitivity (13). While not true for all tumor types analyzed to date, such as glioblastoma,
overall results most commonly implicate STK17A as a tumor suppressor and regulator of
chemotherapeutic resistance (14). However, its role has not been thoroughly evaluated in all
cancers such as CRC.

However, while STK17A is known to be expressed in CRC cells and downregulated in
oxaliplatin-resistant lines, whether STK17A functionally contributes to tumor growth,
progression, or drug resistance in CRC is still unknown. Here, we report that STK17A is
decreased in CRC as compared to normal human colon and is further decreased in metastatic
lesions. Surprisingly, alteration of STK17A expression did not affect apoptosis or
chemotherapeutic resistance in CRC. Instead, STK17A modulated epithelial/mesenchymal
morphologies, migration, invasion, and expression of adherens junction (AJ) proteins in a
manner consistent with a partial EMT. STK17A also increased cell contractility via
phosphorylation of myosin light chain (MLC), and induced membrane blebbing consistent
with previous reports of apoptotic morphologies (9). Importantly, many of these alterations
were further confirmed in novel 3D “tumoroid” cultures isolated from human CRC tumors.
Thus, this work identifies a previously unknown role for STK17A in maintaining epithelial
phenotypes and indicate that loss of STK17A functionally contributes to CRC progression
and metastasis.

Materials and methods

Cell culture and stable cell lines

HCT116 and SW480 cells were purchased from ATCC and authenticated by STR profiling
prior to experimentation (ATCC). Cells were grown in McCoy’s 5A medium (16600082,
Gibco) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 ug/ml
streptomycin and verified to be mycoplasma free using the Universal Mycoplasma Detection
Kit (30-1012K, ATCC). To generate STK17A knockdown lines, ShRNA constructs (clones
NM_004760.x-439s1cl and NM_004760.x-1084s1c1) and a nontargeted scrambled control
were purchased in the pLKO.1 lentiviral vector (Sigma-Aldrich). For overexpression,
STK17A cDNA (SC117160, OriGene) was cloned into the pLEX-307 vector (a gift from Dr.
David Root, 41392, Addgene), while GFP was cloned into the pLEX-307 vector to generate
the pLEX-GFP control cell lines. The kinase dead K90A construct was generated from the
pLEX-STK17A vector using the QuikChange Il XL site-directed mutagenesis kit (200521,
Agilent Technologies) using primers described in Supplemental Table 1.

Human RNA expression

STK17A levels were queried from the combined Moffitt Cancer Center/Vanderbilt Medical
Center colon cancer expression array data set (GEO accession humber GSE17538) as
described previously (15,16). STKZ7A levels were also queried from Illumina HiSeq and
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Illumina GA RNASeqV2 data in The Cancer Genome Atlas (TCGA) colon adenocarcinoma
(COAD) data set (n = 264 CRC, 39 normal colon) (17). Normalized RSEM expression data
were log2 transformed for visualization. STKZ7A expression was additionally correlated
with patient survival in the Moffitt Cancer Center/Vanderbilt Medical Center colon cancer
expression array data set, the TGCA COAD dataset, and with two independent STK17A
probes in GSE39582, a large CRC expression study with 200 months of survival data
(15-18). For human cell lines, STK17A expression data was queried from the Broad Institute
Cancer Cell Line Encyclopedia RNA-sequencing and Affymetrix array mRNA public
datasets (https://portals.broadinstitute.org/ccle)(19).

Immunohistochemistry

Matched primary tumor and metastasis arrays were generated by an experienced pathologist
(M.K.W.). For STK17A analysis, five-micrometer sections from array blocks deparaffinized.
Antigen retrieval was conducted by 20-minute incubation in a 104°C pressure cooker with
citrate buffer (pH 6) followed by a 10-minute cool down. Slides were quenched with 0.03%
H,0, with sodium azide for 5 minutes, followed by incubation with serum-free protein
block (X0909, Dako). After blocking, anti-STK17A primary antibody was added (ab111963,
Abcam) and incubated for one hour. Staining was visualized with the Dako Envision+ HRP
system and DAB. Staining intensity was quantified on a 0-4 scale by a blinded observer.

Immunofluorescent staining

HCT116 and SW480 cells plated on glass coverslips were fixed with paraformaldehyde, and
permeabilized with Triton X prior to blocking in milk solution. Primary antibodies including
anti-E-cadherin (610181, BD Biosciences), anti-a-catenin (C2081, Sigma-Aldrich), anti-
Z0-1 (617300, ThermoFisher), and anti-STK17A (ab111963, Abcam) were incubated for 30
minutes in milk solution. After washing, species-specific Alexa Fluor 488 or 568 secondary
antibodies (Life Technologies) or ActinGreen/ActinRed ReadyProbes (Life Technologies)
were applied for 30 minutes. Coverslips were mounted on glass slides with ProLong Gold
antifade reagent with DAPI (P36931, Life Technologies) and visualized with a Nikon
Eclipse E800 microscope and Zyla SCMOS camera. Images were processed in Nikon NIS-
Elements Basic Research software. For tumoroid staining, glass coverslips were coated with
a 1:1 mixture of media and growth factor reduced Matrigel (356231, Corning) prior to cell
seeding.

Morphological Analysis

Cells were plated on glass coverslips and stained with ActinGreen/ActinRed and DAPI.
Images collected with NIS: Basic Research software were exported and cell morphologies
were measured using CellProfiler software and associated modules to measure cell size and
shape (20).

Western Blot Analysis

Cells were lysed in RIPA buffer, phosphatase inhibitor cocktail 2 (P5726, Sigma Alrich),
phosphatase inhibitor cocktail 3 (P0044, Sigma-Aldrich), protease inhibitor (P8340, Sigma-
Aldrich), and 2X Laemmli buffer and boiled for 10 minutes before analysis by SDS-PAGE
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electrophoresis. Membranes were blocked using Odyssey blocking buffer (LI1-COR) and
then blotted with anti-E-cadherin (610181, BD Biosciences), anti-ZO-1 (617300, Life
Technologies), anti-a.-catenin (C2081, Sigma-Aldrich), anti-STK17A (ab111963, Abcam),
anti-STK17B (ab56506, Abcam), anti-GAPDH (5174S, Cell Signaling Technologies), anti-
B-tubulin (Vanderbilt Antibody and Protein Resource), anti-myosin light chain 2 (85058,
Cell Signaling Technologies), or anti-phospho-myosin light chain 2 (3674S, Cell Signaling
Technologies) in Odyssey blocking buffer overnight. LI-COR secondary antibodies were
used at 1:20,000 dilution and incubated for 1 hour at room temperature. Quantification of
western blot band intensity was conducted using LI-COR Image Studio.

RNA isolation and quantitative real-time PCR

RNA was isolated using the RNeasy Mini Kit (74106, Qiagen) with on column DNase
treatment. cDNA was synthesized using the gqScript cDNA SuperMix (95048, Quantabio)
from 2 g of total RNA. qPCR reactions were run using PerfeCTa SYBR Green SuperMix
ROX (95055, Quantabio) and primers designated in Supplemental Table 1. Each sample was
run in triplicate and target gene expression was analyzed using the delta—delta Ct method
and normalized to GAPDH.

Viability assays

2.5x103 cells were seeded into a 96 well plate. For proliferation, cell numbers were analyzed
using the CellTiter-Glo 2.0 Luminescent Cell Viability Assay (G9241, Promega) according
to manufacturer’s instructions. For chemotherapeutic sensitivity, 5-fluorouricil (5-FU,
F6627, Sigma-Aldrich) was dissolved in media and diluted as described. 24 hours post
plating and directly prior to 5-FU treatment, baseline cell viability was determined using the
CellTiter-Blue Cell Viability Assay (G8080, Promega) according to manufacturer’s
instructions. Viability was again measured 72 hours post treatment, and the results of each
well were divided by the baseline reading and normalized to untreated samples. For all
viability measurements, samples were run in triplicate and background was subtracted as
calculated by measuring media only control wells. Readings were obtained using the
GloMax Discover plate reader (Promega) and manufacturer-designated programs.

Human tumor organoids

Deidentified human colorectal tumor tissue samples were collected at Vanderbilt University
Medical Center and provided by the NCI Cooperative Human Tissue Network (CHTN) in
accordance with the Vanderbilt Institutional Review Board. Other investigators may have
received specimens from the same tissue specimens. Known clinical features are described
in Supplemental Table 2. Tumor organoids were established according to previously
published protocols (21). Briefly, minced tumor tissue was incubated in digestion buffer
(Advanced DMEM F12, Gibco; 10% FBS; 100 U/ml penicillin; 100 pg/ml streptomycin;
0.125mg/ml Dispase 1, Roche; 0.1mg/ml collagenase XI; Sigma-Aldrich) for 1 hour at
37°C. Following digestion, the supernatant containing digested tumor fragments was
collected, washed, and suspended in Matrigel (356231, Corning). After polymerization,
Matrigel plugs were overlaid with human organoid media as described in Supplemental
Table 3.
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To generate stable tumor organoid lines, lentivirus was generated and concentrated by
spinning at 8000rpm overnight. Organoids were collected and digested in TrypLE Express
(12604039, Gibco) prior to suspension in lentivirus-containing media supplemented with
8ug/ml polybrene (Millipore) and 10uM Y-27632 (125410, Tocris). Organoids were
spinoculated for 1 hour at 600g followed by incubation for 6 hours at 37°C. After infection,
cells were resuspended in Matrigel and overlaid with human culture media supplemented
with 10uM Y-27632.

Migration and invasion assays

Migration assays using magnetically attachable stencils (MAts) were conducted as described
in previously published protocols (22). Briefly, MAts were attached to a 6-well plate using
magnets and 2x108 cells were seeded into each MAts-containing well. 24 hours post-plating,
cells were refed with McCoy’s 5A medium containing 0.5% FBS and serum starved
overnight. The next day, cells were refed with complete media with 10% FBS and the
stencils removed. Voids created by MAts removal were imaged at timepoints noted.

For transwell migration assays, HCT116 or SW480 cells were serum starved overnight. The
following day, 5x10* cells were seeded into the top of 8um pore, 24-well transwell inserts
(662635, Greiner Bio) in 0.5% FBS-containing media while the outer well was filled with
10% FBS-containing media. Cells were allowed to migrate for 72 hours prior to fixation and
staining using the Hema 3 staining kit (23-123869, Fisher Scientific). Invasion assays were
done similarly using BioCoat™ Matrigel Invasion Chambers (354483, Corning) according
to manufacturer’s instructions. For invasion assays using human tumor organoids, organoids
were dissociated and 5x10% cells were seeded into the top of prepared BioCoat™ Matrigel
Invasion Chambers in reduced media containing Advanced DMEM F12, 20% R-spondin
conditioned media, 10% Noggin conditioned media (23), 1x B27, 1x N2, 1x Glutamax,
1mM HEPES, 100 U/ml penicillin, and 100 pg/ml streptomycin. Complete human organoid
media was placed in outer well. Cells were allowed to invade for 96 hours prior to fixing,
staining, and analyzing as described above. Quantification for all assays was done using
ImageJ software.

Soft agar assays

To analyze anchorage-independent growth, 1x103 cells were suspended in 0.33% agarose
(A20090500, RPI) in complete media in a 12-well dish and overlaid with complete media
(24,25). Colonies were counted and imaged after 10 days. Colony size quantification (area in
pixels) was performed using ImageJ software.

2D tumor organoid growth

To analyze ability of tumor organoids to attach and grow as 2D cultures, organoids were
collected and dissociated with TrpLE express and 2x10° cells were seeded in human
organoid media into a 6-well uncoated tissue culture plate. After 2 days, wells were imaged
for analysis of area covered using ImageJ software (5-6 images per condition/experiment).
Afterward, cells were collected for cell viability analysis by CellTiter-Glo 2.0 Luminescent
Cell Viability Assay (G9241, Promega). CellTiter-Glo readings were normalized to cell
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samples taken directly post plating. For blebbistatin treatments, tumor organoid cells were
plated with 50uM blebbistatin (B0560, Sigma-Aldrich) or DMSO alone.

Statistical methods

Results

Statistical analysis comparing two or more groups was performed in Graphpad Prism
Software using unpaired Student’s t-test or one-way ANOVA with Tukey’s multiple
comparisons post-test, respectively. Outliers were identified and removed using the Robust
regression and Outlier removal (ROUT) method. For mRNA analysis, Wilcoxon rank sum
test with continuity correction was used to compare each CRC stage to normal colon. For all
studies, error is represented by standard error of the mean and A<0.05 is considered
significant.

STK17A is expressed in the colon and downregulated in CRC

We initially assessed STK17A levels in CRC in the Moffitt/\Vanderbilt-Ingram Cancer
Center CRC expression array dataset (Fig. 1A)(15,16). In line with a role as a tumor
suppressor, STK17A was expressed in the colon and downregulated in adenomas as well as
in all stages of CRC. Similar results were obtained querying RNA-sequencing data from The
Cancer Genome Atlas (TCGA) colon adenocarcinoma data set (17). These results also
demonstrate reduced STK17A expression in all stages of CRC, including early stage lesions
(Normal vs. CRC, A<0.0001, Fig. 1B). However, STK17A mRNA expression was not
associated with patient survival in any datasets queried (Supplemental Fig. 1)(15-18).

We next analyzed STK17A protein expression by immunochistochemistry. Here, we observed
STK17A expression in the colon was predominantly localized to the differentiated
colonocytes, while expression was reduced in the colonic crypts (Fig. 1C, left). In agreement
with the mRNA analysis, protein expression was also decreased in CRC samples (Fig. 1C,
right). Interestingly, despite equivalent changes in STKZ7A mRNA expression in both low
and high stage tumors, a microarray of matched primary CRC and liver metastases indicated
that STK17A protein levels were preferentially decreased in metastases (Fig. 1D). Samples
from CRC liver metastases had less intense staining for STK17A than that observed in
primary tumors (1.8+0.1 vs. 1.2+0.2, £<0.05). To further investigate whether STK17A levels
were decreased in metastasis, mMRNA levels were queried from RNA-sequencing and
Affymetrix expression array datasets compiled by the Broad Institute’s Cancer Cell Line
Encyclopedia for the SW480 and SW620 colon cancer cell lines (19). Interestingly, SW620
cells, which were established from a metastatic tumor, showed decreased STKZ7A mRNA
expression as compared to the SW480 line, derived from a primary tumor in the same
patient (Fig. 1E)(26). Furthermore, expression in common CRC cell lines derived from
primary tumors (SW480, HCT116, Caco-2, DLD1, RKO, HCT-8) was compared to
available metastatic-derived lines (SW620, COLO 205, COLO 201, LoVo, SNU-C1), which
again illustrated decreased expression in metastatic tumor cells (7.4+0.3 vs. 6.4+0.3,
F£<0.05). As STK17A was reduced in CRC and further reduced in metastases, we
hypothesized that loss of STK17A may functionally contribute to tumor progression and
metastasis in CRC.
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Loss of STK17A induces mesenchymal phenotypes in CRC cells

To determine whether STK17A downregulation augments pro-metastatic phenotypes, we
knocked down (KD) STK17A by shRNA in CRC cell lines. Two cell lines were chosen,
HCT116 and SW480, as both cell lines are established from primary human colon tumors
(26,27). Decreased levels of STK17A mRNA (Fig. 2A, left) and protein (Fig. 2A, right)
were observed in the stable S7TKZ7A shRNA KD lines. Further, alteration of STK17A
expression did not affect levels of the STK17A family member, STK17B. Interestingly,
STK17A KD induced a robust mesenchymal phenotype in both cell lines and S7TK17A KD
cells demonstrated elongated, spindle morphology as compared to control cells expressing a
nontargeted, scrambled shRNA sequence (Fig. 2B & 2C). This change in morphology was
further confirmed by quantification using CellProfiler software (Fig. 2D)(20). HCT116
STK17A KD cells consistently demonstrated increased length (1+0.04 vs. 2.4+0.06,
£<0.0001) and perimeter (1+0.03 vs. 2+0.08, £<0.0001) while the form factor, a surrogate
for cell roundness, was significantly decreased (1+0.03 vs. 0.48+0.02, £<0.0001) as
compared to control cells. Further, a consistent but more modest phenotype was observed in
HCT116 cells using a different, less efficient ShRNA construct (ShSTK17A #2) which
yielded a much lower degree of STK17A KD, suggesting a dose-dependent phenotypic
effect (Supplemental Fig. 2). Together, these results indicate STK17A maintains an
epithelial phenotype and its loss induces mesenchymal changes consistent with EMT.

Downregulation of cell-cell adhesion molecules, particularly E-cadherin, is a hallmark of
EMT and key contributor to loss of the epithelial phenotype. To next determine whether
STK17A loss induced changes in cell-cell adhesion proteins, HCT116 and SW480 KD cells
were analyzed by immunohistochemistry. Here, we observed decreased staining for E-
cadherin and a-catenin, an E-cadherin binding partner which connects the AJ to the
cytoskeleton, in both HCT116 (Fig. 3A) and SW480 cell lines (Fig. 3B)(28). The decrease in
E-cadherin and a-catenin was further confirmed by western blot (WB), indicating that the
attenuated staining was due to reduced protein levels and not abnormal protein localization
(Fig. 3C). On the other hand, expression of proteins associated with the tight junction (TJ),
such as ZO-1, were relatively unchanged by both staining and WB analysis (Fig. 3C & 3D).
Because EMT alterations are often mediated at the transcriptional level (29), we next
assessed MRNA levels of E-cadherin (CDHI) and Vimentin (V/M), an intermediate filament
specifically expressed in mesenchymal cells and considered a canonical marker of EMT
(30). Interestingly, CDH1 expression was unchanged in HCT116 S7K17A KD cells,
although V/Mwas highly upregulated (Fig. 3E). Conversely, VIM expression was
unchanged in SW480 KD cells while CDH1 was downregulated. Thus, each cell line
appears to induce a “partial EMT” which likely drives the mesenchymal phenotype observed
after STK17Aloss.

STK17A modulates cell migration and invasion

Developmentally, epithelial cells induce EMT to allow migration within the embryo while,
in cancer, EMT is associated with cell invasion and metastasis (5,30). Therefore, we
hypothesized that the mesenchymal morphology observed after S7TKZ7A KD would
augment cell migration. We first tested this hypothesis using magnetically attachable stencils
(MAts) to create a well-defined “wound” within the cell monolayer and migration into the
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cell-free area was quantified at various timepoints post stencil removal (Fig. 4A)(22).
Decreased wound area was observed at all timepoints in STKZ7A KD cells (16hr: 66+0.8%
vs. 55.5+0.8%; 24hr: 47.4+3.1% vs. 32.7+4.6%; 48hr: 19.5+4.5% vs. 2.8+1.8%), suggestive
of enhanced migration. Increased wound closure rates in this model were not due to changes
in cell proliferation (Supplemental Fig. 3). Migration was also assessed by transwell
migration assay and again indicated hypermigratory abilities in both S7TKZ7A KD lines
(Scr.: 1+0.08; shSTK17A #1: 3.9+0.4, A<0.0001 vs Scr.; sShSTK17A #2: 2.3+0.4, A<0.01 vs.
Scr. and A<0.001 vs. shSTK17A #1, Fig. 4B). The smaller increase observed in the
shSTK17A #2 line again suggests the degree of STK17A-driven phenotypes are dose-
dependent (Fig. 4B). Additionally, transient expression of a non-sh targeted STK17A
construct in the stable STK1Z7A KD cells attenuated the migration increase induced by
STK17A KD (Scr.: 1+0.1; shSTK17A: 13.2+0.1, A/<0.0001 vs Scr.; V5-STK17A: 9.3+0.2,
£<0.0001 vs. WT and shSTK17A, Fig. 4C), demonstrating an on-target effect of STKZ7A
KD. Cell invasion was also increased by STK17A loss, as measured using modified
transwell inserts coated with Matrigel (1+0.2 vs. 4.8+0.6, A<0.0001, Fig. 4D). Together,
these data indicate that the changes in morphology and AJ protein expression in STKI7A
KD cells functionally contribute to increased cell migration and invasion in CRC.

STK17A overexpression augments epithelial phenotypes

As a mesenchymal phenotype was observed with STK17A loss, we next aimed to determine
whether increased STK17A expression augmented epithelial phenotypes or influenced cell
morphology in CRC cells and STK17A (pLEX-STK17A) was stably expressed in HCT116
and SW480 cells (Fig. 5A). Interestingly, while a more mesenchymal, spindle-shaped
morphology was observed in STKZ7A KD cells, HCT116 cells overexpressing STK17A
appeared smaller and rounder than GFP-expressing control cells (pLEX-GFP, Fig. 5B).
Quantification using CellProfiler indicated pLEX-STK17A cells indeed had decreased
perimeter (1+0.02 vs. 0.8+0.01, £<0.0001) and increased form factor (1+0.02 vs. 1.3+0.02,
F£<0.0001) over that observed in control cells (Fig. 5C). Next, we assessed expression of AJ
and TJ proteins by immunohistochemistry. In contrast to shSTK17A cells which lost
expression of AJ-associated proteins, ectopic STK17A expression increased staining
intensity for a-catenin, E-cadherin, and ZO-1 (Fig. 5D). Interestingly, protein levels as
measured by WB were not greatly altered by STKZ7A overexpression, suggesting the
increased staining intensity is likely due to increased membrane recruitment of junctional
proteins or smaller cell size (Fig. 5E). Overall, these data suggest that STK17A induces
epithelial phenotypes in CRC cells. To more rigorously test this hypothesis, we analyzed
anchorage independent growth in HCT116 and SW480 STK17A overexpressing cells by
soft agar assay. Importantly, anchorage independent growth is a characteristic of EMT in
vitro and this ability is often lost in mesenchymal-to-epithelial transition(31). Here, we
observed that overexpression of STK17A abrogated anchorage independent growth in both
HCT116 and SW480 cell lines, and overexpressing cells yielded fewer colonies (HCT116:
1+0.04 vs. 0.55+0.09, ~<0.01; SW480: 1+0.02 vs. 0.22+0.02, A<0.0001) and smaller colony
size (HCT116: 4.7x10%+6.1x103 vs. 1x10%+1.5x103 pixels, A<0.0001; SWA480:
5.4x103+5.8x102 vs. 1.8x103+1.7x102 pixels, A<0.0001) (Fig. 5F). Collectively, these data
indicate that STK17A is a positive regulator of epithelial phenotypes in CRC cells.
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STK17A induces cell contractility and phosphorylation of myosin light chain

At its initial discovery, STK17A was thought to regulate apoptotic signaling due to its ability
to induce membrane blebbing, often considered a pre-apoptotic event, and is regulated by
cytoskeletal dynamics (9,32). Interestingly, we observed STK17A overexpression in SW480
to also result in prominent membrane blebbing (Fig. 6A). However, this did not result in
apoptosis, as overexpression of STK17A had no effect on cell viability in either HCT116 or
SW480 line (Fig. 6B), nor did it sensitize cells to treatment with 5-FU, an agent known to
induce apoptosis in CRC cells (Fig. 6C). Similarly, no effect on viability or
chemotherapeutic sensitivity were observed following S7K17A KD (Supplemental Figure.
3).

Membrane blebbing can also be a transient, non-apoptotic event driven by aberrant cell
contraction. Often, this is associated with activation of the cytoskeletal protein, non-muscle
myosin 11, by phosphorylation of its regulatory light chain (myosin light chain, MLC) at
serine 19 (33,34). To next determine whether STK17A-dependent membrane blebbing was
dependent on myosin-mediated cell contractility, cells were treated with blebbistatin, a small
molecule which inhibits myosin Il contraction and has been shown to decrease membrane
blebbing and induce cell elongation and mesenchymal morphology (35,36). Indeed, pLEX-
STK17A cells treated with 100pum blebbistatin demonstrated loss of membrane blebbing and
restoration of cell-cell contract (Fig. 6D). Further, increased MLC activation and
phosphorylation was observed by WB in both HCT116 and SW480 cell lines (Fig. 6E). As
STK17A is a kinase previously shown to phosphorylate MLC using purified proteins, we
next hypothesized that STK17A’s effect on MLC phosphorylation would be dependent on
its kinase domain (9). Indeed, expression of the kinase-dead K90A construct abolished its
effect on membrane blebbing (Fig. 6F) and MLC phosphorylation (Fig. 6G). In contrast to
STK17A KD, STK17A overexpression decreased cell migration (1+0.03 vs. 0.6+0.04,
£<0.05), and this effect was likewise dependent on kinase activity (1.1+0.2, n.s. vs. GFP,
Fig. 6H) (9). Together, these data indicate that STK17A may regulate cell morphology and
migration by increasing contraction via MLC phosphorylation.

STK17A regulates epithelial phenotypes in primary human tumor cells

To determine the pathophysiologic translation of these observations to CRC, we next utilized
a 3D culture system of primary human CRC samples. The 3D tumor organoid approach has
been increasingly used in recent years to model tumor cell behavior and therapeutic
response, as organoids have been shown to more closely maintain morphology, histology,
and cell heterogeneity than 2D cell lines (21,37). Human tumor organoids were established
from primary CRC tumors (Supplemental Table 2), and 3 independent lines expressing
detectable levels of STK17A (referred to as HTO1, HTO2, and HTO3) were selected for
STK17A KD (Supplemental Figs. 4 & 5). Interestingly, while STK2Z7A KD resulted in little
phenotypic change in HTO2 (Supplemental Fig. 4), HTO1 S7K17A KD organoids often
appeared to invade through the Matrigel™ plug and adhere to the bottom of the tissue
culture dish, resulting in an elongated and flattened morphology reminiscent of that
observed in HCT116 and SW480 shSTK17A cells (Fig. 7A). Furthermore,
immunofluorescent staining of HTO1 cells plated on coverslips for E-cadherin and a-
catenin indicated that STKZ7A KD led to decreased staining for AJ proteins as seen in

Mol Cancer Res. Author manuscript; available in PMC 2020 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Short et al.

Page 11

standard tissue culture cell lines (Fig. 7B). To directly test whether S7TKZ7A KD induced
functional changes which could contribute to tumor invasion and metastasis, HTO lines were
dissociated and plated into Matrigel-coated transwell inserts to assess invasive potential.
Even without an induction of mesenchymal morphology in HTO2, both HTO1 and HTO2
demonstrated increased invasion following STK17A KD, (HTO1: 5.8+1.6 vs. 29.7+3.2 cells
per field, A<0.0001; HTO2: 3.9+1.2 vs. 12.3+£2 cells per field, A<0.01)(Fig. 7C).
Furthermore, HTO1 and HTO2 lines both showed a similar induction of the EMT-associated
gene VIMby qPCR analysis (HTO1: 1+0.09 vs. 2.2+0.3, /A<0.05; HTO2: 1+0.03 vs. 7+0.06,
F£<0.0001)(Fig. 7D). Together, these data indicate that STK17A regulates invasion and
epithelial phenotypes in primary CRC tumor cells. However, it is worth noting that no
phenotypic changes were induced in the HTO3 line (Supplemental Figure 5), likely due to
inter-tumor heterogeneity and highlighting the wide variation of primary tumor phenotypes
that are preserved utilizing 3D culture methods.

In addition to invasion, the morphological changes in HTO1 indicate that STK17A KD may
increase cell adherence and spreading independent of basement substrate. Interestingly, the
process of cell spreading is regulated in part by activity of RhoA and myosin light chain, and
deactivation of these pathways increases cell spreading (38). As STK17A was observed to
positively regulate MLC activity in HCT116 and SW480 cells (Fig. 6), we next directly
tested whether STK17A affected cell attachment and cell spreading by dissociating organoid
lines with and without STKZ7A KD and plating 2D in tissue culture plates (Fig. 7E & 7F).
Indeed, loss of STKZ7A increased attachment in both lines (HTOZ1: 1+0.03 vs. 2.3+0.3,
F£<0.01; HTO2: 1£0.1 vs. 4+0.4, A<0.001). Importantly, treatment with blebbistatin to
inhibit non-muscle myosin Il increased cell spreading in control cells to levels seen with
STK17A KD (1+0.04 vs. 4.2+0.6, /<0.01, Fig. 7F), indicating that alterations in MLC
activity likely contribute to this process (35). Taken together, these results indicate that loss
of STK17A regulates cell contractility and epithelial morphologies in human tumor cells and
that its loss may functionally contribute to CRC tumor cell invasion and metastasis.

Discussion

The studies herein are the first to determine whether STK17A functionally contributes to
CRC tumor growth and progression. While a previous study has reported STK17A
expression in a single CRC cell line, this lacked functional characterization (39). Here, we
identify a novel role for STK17A in modulation of epithelial and mesenchymal
morphologies, cell-cell junctions, and contractility. Functionally, these changes augment cell
migration and invasion in the setting of STK17A loss and indicate that STK17A expression
is physiologically relevant to tumor biology and metastasis.

While STK17A’s effect on tumor biology is relatively uncharacterized, the available studies
suggest the role of STK17A may be highly specific to tumor type, supported by our
observations. Indeed, STK17A has been reported to act as a tumor suppressor in testicular
and ovarian cancer cells, and its overexpression decreased cell proliferation and induced
greater sensitivity to chemotherapeutic agents (10,12,13). These roles are likely modulated
by p53-dependent signaling mechanisms, as STK17A has been identified both as a p53
target gene as well as a p53 binding partner (10,40,41). However, our results were unlike
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these studies in that we identified no alteration in CRC cell proliferation, apoptosis, and/or
chemotherapeutic drug resistance induced by S7K17A downregulation or overexpression.
Interestingly, in other tumor types, STK17A is thought to act as a tumor promoter. Its
overexpression has been proposed as a biomarker of more advanced disease in cervical
cancer, and STK17A promotes both cell proliferation and survival in glioblastomas (14,42).
Together, these indicate a highly relevant cancer-type dependency of STK17A function,
which is not an uncommon phenomenon in cancer biology. For example, components of the
Notch signaling cascade, such as the receptor NOTCH1, have been ascribed both oncogenic
and tumor suppressive roles. A translocation resulting in a dominant active form of
NOTCHL1 is sufficient to induce lymphoblastic leukemia in mouse models, although
NotchI™= mice are more susceptible to tumor development in both skin and brain tumor
models (43). We further observed that in CRC, STK17A loss did not affect all human tumor
organoids equivalently, as augmentation of aggressive phenotypes, such as invasion,
induction of mesenchymal markers, and substrate-independent growth, was observed in
HTO1 and HTO2, while HTO3 was unaffected. This difference in effect is perhaps not
surprising, given the considerable genetic variance between primary tumors. However, it was
notable that the unresponsive HTO3 line was established from a low-grade tumor, while
HTO1 and HTO2 were established from high grade tumors (Supplemental Table 2). Thus,
STK17A loss may disproportionately affect higher grade tumors and serve as a final “hit” to
induce CRC metastasis.

Interestingly, both STK17A and its family member, STK17B, have been previously shown
to contribute to oncogenic growth of head and neck cancers by inhibiting the transforming
growth factor B (TGF-p) pathway (44,45). Mechanistically, both proteins differentially
inhibit SMAD3, with STK17A found to directly bind to SMAD3 and block its translocation
into the nucleus and interaction with Smad4. In this manner, STK17A overexpression
circumvents TGF-pB-mediated growth inhibition. However, in addition to growth inhibition,
the TGF-B pathway is a key regulator of EMT, suggesting that some effects of STK17A on
cell migration and invasion may be due to interaction with the TGF-f pathway (46).
However, it is important to note that components of the TGF-p pathway are common targets
of inactivating mutations in CRC (47,48). Indeed, both HCT116 and SW480 cells have
mutational inactivation of key TGF-f pathway components, as HCT116 cells have
inactivating mutations in 7GFBRZ2while SW480 cells have complete loss of SMAD4
(49,50). Further investigation into the role of STK17B has also indicated that its effect on
TGF-p activity does not extend to all cell types, as no regulation of TGF-p activity was
determined in T-cells (51). Thus, while STK17A and/or STK17B may contribute to TGF-p-
dependent signaling, this mechanism is unlikely to be relevant to CRC.

Instead, the effect of STK17A expression observed in these studies appear mostly likely due
to a role in cell contractility and regulation of myosin light chain. Interestingly, the first
studies describing STK17A noted that STK17A expression induced the apoptosis-associated
morphology of membrane blebbing, which is also known to be induced by aberrant
activation of RhoA and MLC phosphorylation (9,32). Importantly, MLC is one of the very
few targets of STK17A phosphorylation identified to-date, as STK17A has been determined
phosphorylate MLC as an exogenous substrate (9). However, these studies herein are the
first to show STK17A-dependent modulation of MLC phosphorylation in an /in vitro setting
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or its relevance to cellular phenotypes. We further show that this effect is dependent on the
kinase domain of STK17A, which suggests direct regulation of MLC. Interestingly,
STK17A’s effect on cell contractility may further its contribution to metastatic spread by
regulation of anoikis, a type of cell death triggered by cell detachment and necessary to
survival in the lymphatic and vascular systems (52). Importantly, anoikis is thought to be
regulated in party by aberrant cell contractility, as viability of detached cells can be
increased by inhibition of RhoA downstream effectors, such as ROCK1 or myosin (53). In
line with this role, overexpression of STK17A attenuated anchorage-independent growth in
soft agar. Thus, STK17A expression likely regulates multiple points of the metastatic
cascade.

Here, using multiple cell lines complemented by novel tumor organoid cultures, the data
herein is the first to describe a functional role for STK17A in CRC progression.
Furthermore, these data indicate a previously unknown role for STK17A in EMT and
maintaining the epithelial state, and suggest that STK17A may influence tumor invasion,
progression, and metastasis in CRC. As the majority of CRC-associated deaths are due to
metastatic disease, pathways which contribute to cell invasion and migration are of the
utmost interest. These data further our understanding of molecular drivers of EMT as well as
describe novel roles for the STK17A kinase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. STK17A isdecreased in colorectal tumors and metastases.
A. STK17A expression was queried from a joint Moffitt Cancer Center/Vanderbilt Medical

Center microarray of normal colon (n=10), colon adenomas (n=6), and colorectal cancer
samples (n=250). B. STK17A expression was queried from The Cancer Genome Atlas colon
adenocarcinoma data set and normalized RSEM expression data were log2 transformed for
visualization. Average values for STK17A in normal colon (n = 39) and colorectal tumors
(CRC; n = 264) divided by stage. C. Representative images of immunohistochemistry for
STK17A in normal colon (left) and stage 4 colorectal cancer (CRC, right). Dotted line
denotes inset area. D. Representative STK17A staining of a matched primary and metastatic
tumor from a curated tissue CRC/metastasis microarray (top) and quantification of staining
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intensity assessed by a blinded observer and assigned a 0-4 score (bottom, n=58 primary and
30 metastatic tumors). E. STKIZ7A expression in SW480 and SW620 cells was queried from
an Affymetrix array and RNA-sequencing expression datasets in the Broad Institute Cancer
Cell Line Encyclopedia (top). For each dataset, levels observed in SW480 cells was
normalized to 1. STK17A expression in the Affymetrix array dataset for primary-derived
colon cancer cell lines (SW480, HCT116, Caco-2, DLD1, RKO, HCT-8) as compared to
metastatic-derived colon cancer cell lines (SW620, COLO 205, COLO 201, LoVo, SNU-C1)
(bottom). Scale bars = 50um. */~<0.05, ***£<0.001, ****P<0.0001, Wilcoxon rank sum test
with continuity correction (A and B) or Student’s t test (D and E).
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Figure 2. Loss of STK17A induces mesenchymal morphology in CRC célls.
A. Analysis of STK17A expression in knockdown (shSTK17A) vs. control cells (Scr.)

assessed by gPCR (left) and western blot (right) in HCT116 and SW480 CRC cells, along
with family member STK17B. B. Brightfield images of shSTK17A cells in HCT116 and
SW480 cells. C. Scrambled and shSTK17A cells were plated on coverslips and stained for
actin to analyze cell shape. D. Morphometric analysis by CellProfiler to assess length (left),
perimeter (middle), and form factor (right). All measurements were normalized to scrambled
shRNA control cells (n=20 cells per analysis). Scale bars = 50um. ****/£<0.0001, Student’s
t test. Error bars £ SEM.
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Figure 3. STK17A knockdown decreases expression of adherensjunction proteins.
A. Representative immunofluorescent staining for E-cadherin (green) and a-catenin (red) in

HCT116 and B. SW480 cells. C. Western blot analysis of E-cadherin, a-catenin, and ZO-1
in HCT116 (left) and SW480 (right) cells. Tubulin was used as a loading control. Numbers
below bands indicate protein levels normalized to tubulin and represented as fold change
over scrambled shRNA control cells (Scr.), representative of 3 independent experiments. D.
Staining for ZO-1 (red) merged with DAPI (blue) and actin (green) in HCT116 cells (left)
and SW480 cells (right). E. gPCR analysis for expression of E-cadherin (CDHJ) and
Vimentin (V/M). Scale bars = 50um. */<0.05, **£<0.01, Student’s t test. Error bars + SEM.
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Figure 4. STK17A knockdown augments migration and invasion in CRC cells.
A. HCT116 cell migration assessed by MAts assay. Images were captured at 0, 16, 24, and

48 hours post stencil removal (left) and wound width was measured using ImageJ to
calculate the percent distance remaining at each timepoint (right). Representative of 4
independent experiments. B. Scrambled shRNA (Scr.), ShSTK17A #1, and shSTK17A #2
cells were plated in transwell inserts and allowed to migrate for 72 hours. Afterward, cells
were fixed, stained, imaged, and the area of each high-powered field covered by migrated
cells was quantified in ImageJ. n=5 images per insert, 3 inserts per condition, combined data
of 3 independent experiments C. Scrambled shRNA (Scr.), sShSTK17A, and shSTK17A cells
transiently expressing a VV5-tagged STK17A (V5-STK17A) were plated in transwell inserts
and allowed to migrate for 72 hours. Afterward, cells were fixed, stained, imaged, and
counted in each high-powered field. n=5 images per insert, 3 inserts per condition,
representative of 3 independent experiments. D. Scrambled shRNA (Scr.) and shSTK17A
cells were plated in Matrigel coated transwell inserts and allowed to migrate for 72 hours.
Migrated cells were imaged and the cell-containing area quantified by ImageJ and
standardized to Scr. n=5 images per insert, 3 inserts per condition, representative data from 3
independent experiments. Scale bars = 100um. **/<0.01, ***/<0.001, ****F<0.0001,
Student’s t test (A & D) or one-way ANOVA with Tukey’s multiple comparisons test (B &
C). Error bars + SEM.
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Figure 5. STK17A overexpression attenuates mesenchymal phenotypes.
A. Staining for STK17A (red) and GFP (green) in HCT116 cells expressing either the

pLEX-STK17A or pLEX-GFP control vector. B. Analysis of cell morphology by brightfield
microscopy (top) or ActinRed staining (bottom). C. Morphometric analysis by CellProfiler
to assess perimeter (top), and form factor (bottom). All measurements were normalized to
pLEX-GFP control cells. n=100 cells per analysis. D. Immunofluorescent staining for a.-
catenin, E-cadherin, and ZO-1 in pLEX-GFP (top) and pLEX-STK17A (bottom) cells. E.
Analysis of a-catenin, E-cadherin, and STK17A by western blot. GAPDH was used as a
loading control. F. Colony number (top) and colony size (bottom) of pLEX-GFP and pLEX-
STK17A HCT116 and SW480 cells 10 days post-plating in soft agar. n=3 wells per
experiment, combined data from 2 independent experiments. For area measurements 5-7
colonies were measured per well and quantified (in pixels) by ImageJ software. Scale bars =
50um. **P<0.01, ****P<0.0001, Student’s t test. Error bars £ SEM.
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Figure 6. Overexpression of STK17A induced cell contractility without affecting apoptosis.
A. Membrane blebbing apparent in pLEX-STK17A SW480 cells via staining with

ActinRed. Dotted line denotes inset area. Scale bar = 25um. B. Growth curves of HCT116
(top) and SW480 (bottom) pLEX-GFP control and pLEX-STK17A expressing cells. Viable
cells were measured daily via CellTiter Glo reagent. n=3 wells per experiment, combined
data from 3 independent experiments. C. HCT116 (top) and SW480 (bottom) cells were
treated with 5-FU at the concentrations described for 72 hours. Cell viability was measured
by CellTiter Blue and normalized to pre-5-FU viability measurements. n=3 wells per
experiment, combined data from 3 independent experiments. D. SW480 lines were treated
with DMSO (top) or 100uM blebbistatin for 2 hours prior to fixing and imaging with
ActinRed. Dotted line denotes inset area. Scale bar = 50um. E. Western blot analysis for
phosphorylated myaosin light chain (pMLC), total myosin light chain (MLC), and STK17A
in HCT116 (left) and SW480 cells (right). GAPDH was used as a loading control. F.
Extended depth of field images of actin (red) and DAPI (blue) staining in pLEX-GFP,
PLEX-STK17A, and pLEX-K90A SW480 cells. Scale bar = 25um. G. Western blot analysis
for phosphorylated myosin light chain (pMLC), total myosin light chain (MLC), and
STK17A in HCT116 (left) and SW480 cells (right) with pLEX-GFP, pLEX-STK17A, or
pPLEX-K90A (kinase-dead STK17A) expression. GAPDH was used as a loading control.
Representative of 3 independent experiments. H. pLEX-GFP, pLEX-STK17A, or pLEX-

Mol Cancer Res. Author manuscript; available in PMC 2020 January 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Short et al.

Page 24

K90A (kinase-dead STK17A) expressing cells were plated on transwell inserts. After 72
hours cells were fixed, imaged, and the cell-containing area was quantified by ImageJ and
standardized to control cell readings. n=3 wells per experiment, combined data from 3
independent experiments. *£<0.05, **£<0.01, one-way ANOVA with Tukey’s multiple
comparisons test. n.s. = nonsignificant. Error bars + SEM.
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Figure 7. STK17A maintains epithelial phenotypesin primary human tumor organoids.
A. Altered morphology in HTO1 assessed by brightfield microscopy (top) and H&E staining

(bottom). Scale bar = 100um. B. Cells from the HTO1 line were dissociated and plated on
glass coverslips coated with a thin layer of 50/50 Matrigel and human organoid media. After
adherence, cells were fixed and stained for actin (green, top) or E-cadherin (green) and a.-
catenin (red, bottom). Overlays for each stain shown with DAPI (blue). Scale bar = 50um. C.
HTO cells were dissociated and plated in Matrigel-coated transwell inserts and allowed to
migrate for 96 hours. The number of invaded cells was calculated per 10X field. n=12 fields,
representative of 2 independent experiments. D. gPCR analysis of vimentin (V/IM)
expression in HTOL1 (top) and HTO2 (bottom) lines. E. Cells from HTO1 and HTOL lines
were dissociated and plated in uncoated tissue culture plates. After 96 hours, cells from
HTO1 (left) and HTO2 (middle) were analyzed by CellTiter Glo and normalized to
scrambled shRNA control lines (left). n=2-3 wells per experiment, combined data from 2
independent experiments. Representative brightfield images of HTO1 (right). Scale bar =
100um. F. Cells from HTOL lines were dissociated and plated on plastic with DMSO or
50uM blebbistatin. Cell-covered area was measured after 48 hours and normalized to
amount observed in control cells. n=2-5 images per well, 2-3 wells per experiment,
combined data from 3 independent experiments. */<0.05, **/<0.01, ***F<0.001,

**** Pc(.0001, Student’s t test (C, D, E) or one-way ANOVA with Tukey’s multiple
comparisons test (F). Error bars £ SEM.
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