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Abstract: A cytoskeletal protein keratin 19 (K19) is highly expressed in breast cancer but its
effects on breast cancer cell mechanics are unclear. Using KRT19 knockout (KO) cells and cells
where K19 expression was rescued, we found that K19 is required to maintain rounded
epithelial-like shape and tight cell-cell adhesion of MCF7 cells. A loss of K19 resulted in a lower
level of plakoglobin and internalization of E-cadherin in early and recycling endosomes.
Inhibiting internalization restored cell-cell adhesion of KRT19 KO cells, suggesting E-cadherin
internalization contributes to defective adhesion. Ultimately, while K19 inhibited cell migration, it
was required for cells to form colonies in suspension. Our results suggest that K19 stabilizes E-
cadherin complexes at the cell membrane to maintain cell-cell adhesion which inhibits cell
migration but provides growth and survival advantages for circulating tumor cells. These
findings provide context-dependent roles of K19 during metastasis.
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Introduction

The majority of cancer deaths are due to metastasis . Tumor metastasis is a multistep
process that involves spreading of cancer cells from a primary site to colonization at a distal site
24_During its initiation, metastasis has been linked closely to epithelial-to-mesenchymal
transition (EMT) whereby cells lose morphological traits of epithelial cells, including tight cell-cell
adhesion and apical-basal polarity, and gain mesenchymal traits such as increased ability to
undergo migration and invasion 256, At the molecular level, epithelial markers such as E-
cadherin and keratins become downregulated while mesenchymal markers such as vimentin
become upregulated during EMT.

Keratins belong to an intermediate filament family of cytoskeletal proteins, and keratin filaments
maintain epithelial cell polarity and mechanical integrity through intercellular and cell-
extracellular matrix junctions called desmosomes and hemidesmosomes, respectively 78,
Decreased expression of keratins during EMT is considered to contribute to an initiation of
metastasis by loosening cell-cell attachment through disassembly of desmosomes .
Therefore, it has been suggested that maintenance of intercellular adhesion by keratins serves
as a barrier against EMT and cell migration " a concept supported by several in vitro studies
involving keratins expressed in simple epithelium and keratinocytes *'%-'4, However,
upregulation of select keratins has been shown to enhance cell migration and invasion in certain
cancer settings 2156 likely due to the fact that some cancer cells invade extracellular matrix
collectively '8,
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Following initiation, metastatic cells intravasate into the blood stream and must survive in
suspension as circulating tumor cells (CTCs) en route to a distal site 2*°. High metastatic
potential of CTCs has been associated with stem-like properties 2° and also with clusters of cells
with higher levels of cell adhesion molecules plakoglobin or E-cadherin 2?2, However, the role
of keratins on stem-like traits and clustering of cancer cells upon detachment from the
extracellular matrix remains unclear.

In the context of breast cancer, previous studies have shown that depletion of K19 increases
cell migration and invasion in vitro, potentially through upregulation of Akt and Notch signaling
pathways 23-2°. However, mammary stem/progenitor cells transformed with sets of oncogenes
including mutant Ras and p53 were more metastatic when K19 was present %. In addition, the
role of K19 in cell-cell and cell-substrate mechanics contributing to migration of cancer cells has
not been defined.

To study the role of K19 on processes fundamental to metastasis, we examined the luminal-
subtype MCF7 breast cancer cell line which expresses high levels of K19 2728, MCF7 cells
maintain polarized epithelial phenotype with intact cell-cell adhesions made of desmosomes and
adherens junctions 2°3', Using MCF7 cells with complete ablation of K19 32 and KRT19
knockout (KO) cells with re-expression of K19, we observed that K19 is required for the
epithelial-like cell shape and proper cell-cell adhesion. These events were accompanied by
lower levels of plakoglobin but accumulation of E-cadherin in endocytic compartments in the
absence of K19. Importantly, while we confirmed the inhibitory role of K19 on cell migration, K19
was found to be required for cells to grow in low attachment conditions.

Results

KRT19 KO cells display an elongated phenotype

Under the microscope, MCF7 KRT19 KO cells showed a considerable difference in morphology
from their parental counterpart. While parental (P) MCF7 cells were mostly epithelial-like and
rounded in shape, KRT19 KO cells exhibited more mesenchymal-like morphology with
elongated and spindled shapes (Figure 1A-B). Of note, we examined two KRT19 KO clones to
confirm phenotypes associated with a loss of K19. To quantify the difference in shapes between
parental and KRT79 KO cells, we sorted cells into two categories, rounded and elongated,
based on their shapes (Figure 1C & S1A). Scoring of cell shapes confirmed that KRT19 KO
cells were more elongated than parental cells (Figure 1D). Of note, while two KRT19 KO clones
exhibited subtle differences from each other, both were more elongated than parental cells. We
then used digital holographic microscopy (DHM) to quantitate morphologies of parental and
KRT19 KO cells (Figure 1E). DHM measured cells based on index of refraction and physical
thickness 334 and gave 17 physical properties at a single cell level (Table S1). Optical phase
measurements included pixel mean, standard deviation, and texture parameters, while
geometric parameters included cell circularity, eccentricity and form factor. While cell area and
perimeter were larger in KRT19 KO cells, a higher eccentricity and a lower form factor
confirmed the elongated phenotype of KRT719 KO cells (Figure 1F-I).

Weakened cell-cell adhesions in KRT19 KO cells

When culturing cells, we noticed that elongated KRT79 KO cells were forming loose contacts
between neighboring cells whereas parental MCF7 cells were in close contacts with their
neighbors (Figure 1B). To quantitate the difference, cell-cell adhesion made by subconfluent
parental and KRT19 KO cells were examined. Adhesions were categorized into three different
degrees: high indicates a cell attached to its neighboring cells by making contiguous contacts all
along adjoining sides; low indicates a cell attached to its neighbor only by pointed contacts; and
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medium as those harboring both high and low adhesions (Figure 2A). In the absence of K19, a
lower percentage of cells exhibited high adhesion, but more cells showed low adhesion,
confirming the observation that a loss of K19 resulted in decreased cell-cell adhesion (Figure
2B).

Since parental MCF7 cells grow in tight clusters even at low confluency, cell adhesion was also
assessed by counting number of cells in each cluster after passaging (Figure 2C). The number
of cells making contacts as a group was fewer in KRT19 KO cells compared to parental cells
(Figure 2D). In addition, disrupting cell-cell adhesion with dispase treatment and mechanical
force induction showed that K19 was required for proper cell-cell adhesion as indicated by a
higher number of fragmented monolayers in KRT19 KO cells (Figure 2E & S1). Collectively,
these data support the notion that K19 is required for proper adhesion between cells.

Decreased cell surface localization of E-cadherin in KRT19 KO cells

In our previous work, we had performed RNA-sequencing to identify genes differentially
expressed between parental and KRT19 KO cells 2. Consistent with decreased cell-cell
adhesion, KRT19 KO cells expressed reduced levels of plakoglobin, a desmosomal and
adherens junction component (Figure 3A-B) 3. Surprisingly however, a functional enrichment
analysis using Database for Annotation, Visualization and Integrated Discovery (DAVID)
showed that many genes upregulated in KRT19 KO cells were associated with functions in cell
membranes, cell adhesions, and cell junctions (Figure S2). Indeed, although levels of B-catenin,
a K19-interacting component of adherens junction (Figure S3) 24, remained the same, we found
higher levels of E-cadherin, a Ca®*-dependent adhesive molecule and a key regulator of cell
morphology %, in KRT19 KO cells (Figure 3A-B). However, as assessed by immunostaining of
cells (Figure 3C) and surface biotinylation (Figure 3D-E), the cell surface localization of E-
cadherins was decreased in KRT19 KO cells. Immunostaining also showed that cell surface
localization of other cell junctional proteins including plakoglobin, B-catenin and p120-catenin
were decreased in KRT19 KO cells as well (Figure S4). Furthermore, interaction between E-
cadherin and B-catenin was lower in KRT19 KO cells, suggesting a requirement for K19 in
proper maintenance of adherens junction (Figure 3F-G). We then decided to test functions of
Ca?*-dependent adhesion molecules in parental and KRT79 KO cells. While stimulating Ca?*-
deprived parental cells with Ca?* allowed cells to re-adhere to each other, Ca?* stimulation had
little effect on adherence of KRT19 KO cells (Figure 3H). These observations suggest that K19
is required for the formation and function of calcium-dependent junctional complexes. Defective
cell-cell adhesion in KRT19 KO cells was also observed upon serum stimulation (Figure S5).
Altogether, these data suggest that adherens junctions are not properly maintained in KRT19
KO cells

Internalization of E-cadherin into endocytic compartments in KRT19 KO cells

E-cadherin constantly undergoes endocytosis and recycling in the absence of stable cell-cell
contacts 3. The fact that total E-cadherin level is higher while its surface level is lower in KRT19
KO cells indicates that most E-cadherin is localized in endocytic compartments. In order to
determine the exact location of E-cadherin in KRT19 KO cells, we performed co-immunostaining
of E-cadherin and endocytic markers. Cells were stimulated with labelled transferrin to mark
early/recycling endosomes (Figure 4A) while LAMP1 was used as a marker of late
endosomes/lysosomes (Figure 4B). Results show that while E-cadherin colocalized with
labelled transferrin in KRT19 KO cells, very little, if any, E-cadherin colocalized with LAMP1,
suggesting that E-cadherin in KRT19 KO cells was localized to early/recycling endosomes.
Indeed, when KRT19 KO cells were treated with a dynamin inhibitor dynasore to inhibit E-
cadherin internalization 3’, KRT19 KO cells showed marked improvement in cell-cell adhesion
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(Figure 4C). These data suggest that E-cadherin is internalized to early/recycling endosomes in
the absence of K19 (Figure 4D).

K19 re-expression rescues defects in in KRT19 KO cells

To confirm that altered morphology (Figure 1) and cell-cell adhesion (Figure 2) in KRT19 KO
cells were due specifically to the absence of K19, we decided to examine cells upon re-
expression of K19. Introducing GFP-tagged K19 in KRT19 KO cells reverted cells into rounded
shape (Figure 5A). Quantitation of cell shape, as was done in Fig 1C, confirmed significant
increase in cells with rounded shape upon expression of GFP-K19 in KRT19 KO cells compared
to the GFP control (Figure 5B). Furthermore, KRT19 KO cells stably expressing K19 were more
resistant to dispase-induce fragmentation compared to the vector control (Figure 5C),
confirming the role of K19 in maintaining cell-cell adhesion. Re-expression of K19 also raised
levels of plakoglobin while lowering levels of E-cadherin (Figure 5D), consistent with altered
levels of plakoglobin and E-cadherin observed in KRT19 KO cells (Figure 3A-B). Finally,
expression of GFP-K19 in KRT19 KO cells increased E-cadherin co-immunoprecipitating with -
catenin, suggesting that re-expression of K19 increased formation of the adherens junction
complex (Figure 5F). Altogether, these data confirm that K19 is required for proper cell shape
and cell-cell adhesion while maintaining plakoglobin level and E-cadherin-B-catenin complex.

K19 inhibits cell migration but is required for the anchorage-independent growth

Cell morphology and adhesion of cancer cells are linked to events during metastasis such as
cell migration, survival and growth in low adherence conditions. Therefore, we decided to
examine how K19 affects these cancer cell behaviors. In wound closure assays, KRT19 KO
cells closed scrape wounds faster compared to parental cells (Figure 6A-B) while re-expression
of K19 in KRT19 KO cells slowed wound closure (Figure 6C), confirming the inhibitory role of
K19 in cell migration. Transwell migration assays also confirmed the inhibitory role of K19 in cell
migration, as migration was enhanced in KRT19 KO cells but was suppressed upon expression
of GFP-K19 (Figure 6D-E). Interestingly however, when cells were placed on low attachment
plates to assess growth in suspension 3, mammosphere formation was compromised in KRT19
KO cells (Figure 7A-B). Re-expression of K19 using GFP-K19 confirmed that K19 is required for
mammosphere formation on low attachment plate (Figure 7C-D). Similarly, growing cells in soft
agar also showed that K19 is responsible for the formation of colonies in anchorage-
independent conditions as colony area was less in KRT19 KO cells (Figure 7E-F) and reduced
formation of colonies was rescued upon GFP-K19 re-expression in KRT19 KO cells (Figure 7G).
Taken together, these data demonstrate that K19 hinders cell migration but promotes colony
formation in suspension.

Discussion

In this study, we demonstrate the role of K19 in maintaining rounded epithelial cell morphology
of the MCF7 breast cancer cell line, which is of estrogen-positive luminal subtype where
predominant expression of K19 can be found %3, Interestingly, altered cell shape due to
changed K19 expression was also observed in transformed mammary stem/progenitor cells 4
and triple negative breast cancer cell lines BT549 2> and MDA-MB-231 #, suggesting that K19
plays a crucial role in maintaining the architecture of breast cancer cells across different
differentiation stages and molecular subtypes. Although functions of K19 in normal settings
have not been fully resolved, K19 is likely involved in maintaining cell architecture through
desmosomes as a member of the keratin family of proteins. Still, there are other keratins
present in cells to compensate for the loss of K19, and a loss of all keratins did not by itself alter
the shape of tumor cells in lung “6. Therefore, it is rather intriguing that the absence of K19 can
have such profound effects on breast cancer cell morphology.


https://doi.org/10.1101/2020.05.28.119297
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.28.119297; this version posted May 28, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Along with decreased cell-cell adhesion, MCF7 cells lacking K19 showed more migration,
suggesting that the maintenance of cell-cell adhesion by K19 helps cancer cells retain epithelial
morphology and inhibits cancer cell migration from the primary tumor site. Such function would
be consistent with the well-known role of keratins during EMT. Of note, vimentin overexpression
also caused MCF7 cells to become elongated and more motile 4. Therefore, K19 may be an
integral member of keratins whose levels relative to vimentin govern the morphology and
motility of epithelial cells.

Despite faster migration, KRT19 KO cells were less efficient in forming mammospheres on low
attachment plates and colonies in soft agar, conditions where cells were subjected to growth
without being able to adhere to extracellular matrix. Anchorage-independent cell growth has
been shown to correlate with metastatic potential as it mimics conditions that circulating tumor
cells (CTCs) encounter inside the vasculature #. Our findings suggest that strong cell-cell
adhesion made by K19 provides survival and growth advantages to cancer cells, thus increases
metastatic potential of CTCs. Indeed, it has been shown that clustering of circulating tumor cells
confers high metastatic potential 2'4%% and cell adhesion molecules K14, plakoglobin and E-
cadherin have been shown to be required for metastasis %222, Therefore, K19 may also be
part of breast cancer cell molecular machinery involved in maintaining CTC clusters during
metastasis. As our data from migration, mammosphere and colony formation assays show, K19
seems to either promote or inhibit metastasis in a stage-specific manner.

The fact that K19 was required to form colonies in low attachment conditions may help explain
interesting observations that have been made previously in regards to tumor metastasis. While
the basal-like subtype of breast cancer is considered to be more invasive and aggressive than
the luminal subtype 43!, luminal-like cells without basal-like traits were fully capable of initiating
invasive tumors in immune-deficient mice °2. In fact, phenotypically pure luminal-like breast
cancer cells formed larger and more invasive tumors than basal-like cells 2. Also, increased
levels of KRT19 mRNA in CTCs during metastasis is associated with worse patient survival 53~
% and K19 has been shown to be even released by breast cancer cells of high metastatic
potential %. Still, as the lack of K19 expression is also correlated with worse survival of young
women with triple-negative breast cancer %, additional studies are needed to reconcile these
seemingly conflicting observations. Differences in the role of K19 in tumor metastasis are likely
due to the context-dependent role of K19 as breast cancer is a heterogeneous disease and
metastasis itself is a complex process involving multiple factors 249,

K19 is a stem cell marker in several tissue types, including breast tissue %%, but its role in
cancer stem cells is unclear. As mammosphere formation in low attachment conditions has
been linked to cancer stem cell activities due to resistance to anoikis, the requirement of K19 to
form mammospheres suggests that K19 plays an active role in maintaining stem-like properties
of breast cancer cells. Consistent with our observation, K19-negative mammary progenitor cells
showed delayed tumor onset and displayed lower metastatic potential in xenograft assay than
K19-positive progenitor cells ®2. As a subpopulation of cancer cells exhibiting stem-like
properties are considered to be critical for metastasis , detailing the role of K19 in cancer stem
cells will be important to study in the future.

In the absence of K19, E-cadherin was found in endocytic compartments indicating that most E-
cadherin was internalized in the absence of K19. Indeed, the use of dynamin inhibitor to inhibit
internalization of cell surface proteins including E-cadherin strengthened cell-cell adhesion of
KRT19 KO cells, suggesting that internalization of adhesion molecule is a culprit for defective
cell-cell adhesion. Still, the mechanism of how K19 affects localization of E-cadherin remains
unclear. Without keratins, desmosomes are smaller and consistent with this, plakoglobin levels
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were dependent on K19. Since a reduction of desmosomes precedes the loss of adherens
junctions in tumors %465 a loss of K19 may internalize E-cadherin by first deregulating
desmosomes which would then trigger the disassembly of adherens junctions. However,
plakoglobin is also a part of adherens junction and K19 interacts with B-catenin 2*. Therefore,
K19 may directly stabilize adherens junction components at the cell surface independent of its
effect on desmosomes. Future studies will need to elucidate the exact mechanism of how K19
regulates E-cadherin localization.

E-cadherin has long been considered as a tumor suppressor as it is one key component
maintaining the epithelial state '°. However, recent evidences suggest that E-cadherin may
promote breast cancer metastasis. While loss of E-cadherin increased invasion, it reduced cell
proliferation and survival, CTC number, and metastasis in various models of invasive ductal
carcinomas . In addition, knockdown of E-cadherin abrogated mammosphere formation of
MCF7 cells ¢”. Therefore, the parallel between K19 and E-cadherin in inhibition of cell migration
and promotion of cell proliferation and mammosphere formation 326, together with regulation of
E-cadherin localization by K19 suggest that K19 may functionally interact with E-cadherin to
promote breast cancer metastasis.

Conclusions

Our study demonstrates that K19 is required to maintain cell morphology and cell-cell adhesion
in MCF7 breast cancer cells. Cells lacking K19 show defects in plakoglobin expression, E-
cadherin-B-catenin interaction and E-cadherin localization. Importantly, while K19 inhibited cell
migration, it was required to form colonies in low adherent conditions. These data suggest that
regulation of cell-cell mechanics of cells by K19 differentially affects processes critical to cancer
metastasis.

Materials and Methods

Cell lines used

MCF7 KRT19 KO cells generated using the CRISPR/Cas9 system and MCF7 KRT19 KO cells
stably expressing pLenti CMV/TO hygro empty vector or KRT19 have been described
previously 32. For MCF7 KRT19 KO cells stably expressing GFP or GFP-K19, human KRT19
was cloned out of pMRB101 plasmid (courtesy of Dr. Bishr Omary, Rutgers University) and
cloned into pLenti CMV/TO hygro (Addgene, Cambridge, MA) using an In-Fusion HD cloning
system (Takara, Mountain View, CA) with oligonucleotides: 5’-
TCAGTCGACTGGATCCATGGTGAGCAAGGGCGAGG-3’ (BamHI site underlined) and 5’-
GAAAGCTGGGTCTAGTCAGAGGACCTTGGAGGCAG-3’ (Xbal site underlined), following the
manufacturer’s protocol.

Lentiviral supernatants

Lentiviral supernatants were generated as described previously *2. Lentiviral supernatants,
collected 24 h after transfection, were used to infect subconfluent MCF7 KRT79 KO cells (KO2)
in three sequential 4 h incubation in the presence of 4 ug/ml polybrene (Sigma-Aldrich, St Louis,
MO). Transductants were selected in hygromycin (100 yg/ml), beginning 48 h after infection.

Cell culture and cell lines used

Dulbecco's Modified Essential Medium (VWR Life Science, Carlsbad, CA) medium was used for
MCF7 (ATCC, Manassas VA) growth in 37 °C incubator supplied with 5 % CO,. Medium was
supplemented with 10% fetalgro bovine growth serum (RMBIO, Missoula, MT), and 100 units/ml
penicillin-100 pug/ml streptomycin (GE Healthcare, Logan UT). MCF7 cells used were
authenticated to be 100% match to MCF7 cells (ATCC, HTB-22) by short-tandem repeat
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profiling service (date performed: 12/18/18). 100 ug/ml hygromycin was added to medium of
cells stably expressing pLenti CMV/TO Hygro plasmids.

Antibodies

The following antibodies: anti-K19 (A-53), anti-K18 (C-04), anti-GAPDH (FL-335), anti- catenin
(15B8), anti-E-cadherin (67A4), anti-B-actin (C4), anti-LAMP-1(H4A3), anti-mouse IgG, and anti-
rabbit IgG were from Santa Cruz Biotechnology (Santa Cruz, CA); anti-6-1 catenin (D7S2M) and
anti-plakoglobin (D9M1Q) were from Cell Signaling Technology (Danvers, MA); anti-a-tubulin
was from Proteintech (Rosemont, IL); anti-GFP (12A6) was from the Developmental Studies
Hybridoma Bank (lowa City, IA).

Cells shape and adhesion assessment

15,000 cells were plated on each well in a 6-well plate. 24 h after plating, at least five random
fields of cells in culture were taken using a phase contrast microscope (Olympus optical
company. LTD, Japan). To assess cell shape, cells were categorized as either round or
elongated. For cell adhesion, cells were categorized into three types (high, medium, or low)
based on their attachments to surrounding cells. To quantify number of cells per cluster, cells in
contact with adjoining cells were counted a day after passaging. Total of five experiments were
analyzed.

Digital holographic microscope (DHM)

30,000 cells in were plated in each of 35 mm glass bottom plates. The next day, images were
taken using DHM as described previously . The DHM system utilized a wavelength 633 mm
HeNe laser to generate reference and objective wave beams and created a lateral resolution of
1.2 ym with a pixel scale of 0.18 um/pixel. The holograms were captured by a 1.3 MP CMOS
camera (Lumenera Corporation, Inc., Ontario, Canada). Detailed information about the set up
was published in 456889 Cell phase maps of parental and KRT79 KO2 cells cultured on glass
were collected with a sample size of n = 259 and 173, respectively. Phase images of each
individual cell were segmented and 17 phase parameters were extracted (Supplementary Table
1) using an in-house MATLAB code published in 7°. Representative cells were selected by
measuring the sum of differences of all parameters of each individual cell to the population’s
mean, and selecting the cells with the lowest measured values .

Dispase assay

At 100% confluency, cells in a 6 well plate were washed with 1X PBS then subjected to 2.5
units/ml of dispase (Stemcell Technologies, Kent, WA). The plate was placed on an orbital
shaker to induce mechanical stress at room temperature. After 40 min, number of fragments
was counted by naked eyes. Images of the plate were taken using ChemiDoc Touch Imager
(Bio-Rad, Hercules, CA). Each experiment contained at least three replicates per condition, and
every experiment was performed at least three times. For dynasore (Ambeed, Inc, Arlington
Heights, IL) treatment, 100 uM of dynasore was added for 2 h in each well before the dispase
treatment.

Preparation of cell lysates, protein gel electrophoresis, and immunoblotting

Cells grown on tissue culture plates were washed with PBS and prepared in cold Triton lysis
buffer (1 % Triton X-100, 40 mM HEPES (pH 7.5), 120 mM sodium chloride, 1 mM EDTA, 1 mM
phenyl methylsulfonyl fluoride, 10 mM sodium pyrophosphate, 1 yg/ml each of cymostatin,
leupeptin and pepstatin, 10 ug/ml each of aprotinin and benzamidine, 2 ug/ml antipain, 1 mM
sodium orthovanadate, 50 mM sodium fluoride). For immunoblotting, cell lysates were
centrifuged to remove cell debris. Protein concentration was determined using the Bio-Rad
Protein Assay (Bio-Rad) with BSA as standard then were prepared in Laemmli SDS-PAGE
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sample buffer. Aliquots of protein lysate were resolved by SDS-PAGE, transferred to
nitrocellulose membranes (0.45 um) (Bio-Rad, Hercules, CA) and immunoblotted with the
indicated antibodies, followed by horseradish peroxidase-conjugated goat anti-mouse or goat
anti-rabbit IgG (Sigma-Aldrich) and Amersham ECL Select Western Blotting Detection Reagent
or Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Hudson, NH). Signals were
detected using ChemiDoc Touch Imager (Bio-Rad) or CL1500 Imaging System (Thermo Fisher
Scientific). For Western blot signal quantitation, the Image Lab software (Bio-Rad) was used.

Immunoprecipitation

Cells lysates were prepared using 1 % triton lysis buffer and precleared with prewashed Protein
G Sepharose (PGS) beads (GE Healthcare) for 30 min on a shaker at 4 °C. Then, prewashed
lysates were incubated with an indicated antibody on a shaker for 4 h in 4 °C. Samples were
then incubated for 45 min with prewashed PGS beads. Afterwards, beads were spun down,
washed and prepared for protein gel electrophoresis and immunoblotting.

Biotin labeling of cell surface proteins

Cells were washed with ice-cold 20 mM HEPES, pH 7.5 in 1X PBS then treated with 400 pug/ml
sulfo-N-hydroxysulfosuccinimide-biotin (Thermo Fisher Scientific) prepared in the washing
buffer for 40 min on an orbital shaker at 4°C. A duplicate set of cells was kept without biotin as a
negative control. Cells were then lysed with prechilled 1 % triton lysis buffer.
Immunoprecipitation was performed with prewashed neutravidin agarose beads (Thermo Fisher
Scientific) for 1 h at 4 °C. Samples were then prepared for protein gel electrophoresis and
immunoblotting.

Immunofluorescence (IF) staining

Cells grown on glass coverslips (VWR) were washed in PBS, fixed in 4% paraformaldehyde in
PBS, and permeabilized in 0.1% Triton X-100. Samples were blocked in 5% normal goat serum
(NGS, RMBIO) in PBS before staining with primary antibodies diluted in blocking buffer and a
mixture of 1:1000 of Alexa Fluor 488-conjugated goat anti-mouse secondary antibody
(Invitrogen), 1:5000 Dapi (Sigma-Aldrich), and/or 1:400 Phalloidin (MilliporeSigma, Burlington,
MA) in 1X PBS was added for 1 h incubation at RT. After 1X PBS washes, coverslips were
mounted on microscope slides with mounting medium containing 1,4-diaza-bicyclo[2.2.2]octane
(Electron Microscopy Sciences, Hatfield, PA). Fluorescence images were taken using the
Olympus optical elements fluorescence microscope (Olympus). For transferrin labelling, 10
pg/ml of Alexa Fluor 594-conjugated transferrin was loaded to cells for 30 min prior to fixation.
For E-cadherin and LAMP1 double staining, cells immunostained for E-cadherin with Alexa
Fluor 488 secondary antibody were blocked with 26 ug/ml of AffiniPure Fab Fragment Goat
Anti-Mouse 1gG (H+L) (Jackson ImmunoResearch, Inc, West Grove, PA) in 5% NGS in PBS
overnight before being stained for LAMP1 with Alexa Fluor 594-conjugated goat anti-mouse
secondary antibody (Invitrogen).

Calcium or serum depletion and re-stimulation

15,000 cells were plated on each well in a 12 wells plate. Next day, cells were placed in calcium
free, low glucose with L-glutamine DMEM (USBiological life science, Salem, MA) or 0.1 %
serum-containing medium for time indicated in each figure. Cells were then either left
unstimulated or stimulated with 5 mM of CaCl. or 10 % serum for indicated time in figures.
Images of either live cells in culture or cells stained with crystal violet were taken using light
microscope (Olympus). For crystal violet staining of cells, a mixture of 0.1 % of crystal violet and
10 % ethanol prepared in 1X PBS was added to cells, which were then placed on a shaker at
room temperature for 15 min. Cells were washed with 1X PBS before imaging.
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Wound healing assay

Wounds were made on cells grown to a confluent monolayer on each of a 6 well plate using a
pipet tip. Cells were washed with the medium and images were taken using the light microscope
(Olympus) at different time points until wounds were closed. Percentage of wound closure over
time was calculated by measuring wound area using a free hand tool of the ImageJ software
and normalizing area to the area of the initial wound. Each experiment contained at least three
replicates per condition, and every experiment was performed at least three times.

Mammosphere formation assay

100,000 cells were plated on each well of an ultra-low attachment plate (Corning Life Sciences,
Corning, NY). After 7 days, images were taken using the light microscope (Olympus). Total area
of mammospheres were obtained using the ImageJ software. Each experiment contained at
least three replicates per condition, and every experiment was performed at least three times.

Anchorage-independent growth in soft agar

Soft agar colony growth assay was performed as previously described ’'. 20,000 cells were
plated per well in a 6-well plate in 1 ml of 0.1% agarose in media on top of a 2-ml bottom layer
of 0.5% agarose in media. Plates were incubated at 37 °C in incubator for one week. Cells were
fed every other day and images were taken using ChemiDoc Touch Imager (Bio-Rad) or
CL1500 Imaging System (Thermo Fisher Scientific). Colony area was measured using the
ImageJ software. Each experiment contained at least three replicates per condition, and every
experiment was performed at least three times.

MCF7 RNA-sequencing and bioinformatic analyses

RNA-sequencing of parental and KRT79 KO MCF7 cells was performed previously %2. List of
genes was sorted based on g-value (less than 0.05), and fold change (greater than 1.5). 387
genes upregulated in KRT19 KO cells were uploaded in functional annotation tool (DAVID
software) and keywords in functional categories was selected. Top thirteen pathways were
sorted based on gene number.

Graphs and statistics
Mean + standard error of means was used. For comparisons between two conditions, Student’s
t-test was performed to test the statistical significance.
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Figure 1. Keratin 19 knockout cells display an elongated phenotype. (A) Whole cell lysates
of parental (P) control and two different clones (KO1 and KO2) of KRT19 KO cell lines were
harvested, and immunoblotting was performed with antibodies against the indicated proteins.
(B) Immunostaining of K18 (green) in P and KRT19 KO cells. Nuclei are shown in blue. Bar, 20
pum. (C) Phase contrast images of representative rounded and elongated shapes. Bar, 20 ym.
(D) Percentages of P and KRT19 KO cells with rounded or elongated cell shape. Data from five
experimental repeats are shown as mean £ SEM. Differences are not statistically significant
unless denoted by *p <0.05; **p <0.001. (E) Phase height maps of P and KRT79 KO (KO2)
cells collected by digital holographic microscopy (DHM). Representative P and KRT79 KO cells
with the smallest sum of squared deviations (SSD) of 17 phase parameters collected shown. A
color bar indicates cell phase height. Bar, 10 ym. (F) Area, (G) Perimeter, (H) Eccentricity, and
() Form factor of P and KRT19 KO cells from DHM analyses. Form factor was calculated using
the mathematical formula 41r(area)/(perimeter)?. Form factor of 1 represents a perfect circle.
Data from three experimental replicates are shown as mean + SEM. Differences are not
statistically significant unless denoted by *p <0.05


https://doi.org/10.1101/2020.05.28.119297
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.28.119297; this version posted May 28, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A Medium
B 100 - r—
g
g
§ mpP mKO1 mKO2
=]
2 1 "
s
c *k
4 1
o3
a
High Medium
Cc

Parental

D #of Cells per Cluster E Dispase Assay
- 120 m2.3 m4.5 6> 14 -

s * »

» 100 I i T g 2] -
% 80 5104 *

= @

o £ s

- 60 =

g S o]

g 491 S 41

I= [S

§ 201 3 2

£ o 0-

P KO1 KO2 P KO1 KO2

Figure 2. Weakened cell-cell adhesion in KRT19 KO cells. (A) Phase contrast images of
representative cells engaged in high, medium and low adhesions. Bar, 20 um. (B) Percentage
of parental (P) control and KRT79 KO clones in high, medium or low adhesions. Data from five
experimental repeats are shown as mean = SEM. Differences are not statistically significant
unless denoted by *p <0.05; **p <1 x 0.001. (C) Phase contrast images of cell clusters. Bar, 20
um. (D) Number of cells per cluster. Clusters classified into three different ranges: 2-3
cells/cluster; 4-5 cells/cluster; and >6 cells/cluster. Data from three experimental repeats are
shown as mean + SEM. Any statistically significant difference between P and KRT719 KO clone
is denoted by * (p <0.05) above the cluster of KRT79 KO clone. (E) Number of monolayer
fragments formed from the dispase assay. Data from at least three experimental repeats, each
with three replicates, are shown as mean + SEM. Differences are not statistically significant
unless denoted by *p <0.05
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Figure 3. Defective regulation of E-cadherin in KRT719 KO cells. (A) Whole cell lysates of
parental (P) control and KRT19 KO clones were prepared and immunoblotting was performed
with indicated antibodies. Molecular weight in kDa (B) Signal intensities of Plakoglobin, E-
cadherin and B-catenin from (A) were quantified and normalized to those of the GAPDH loading
control. Data from at least three experimental repeats normalized to that of the parental control
are shown as mean = SEM. Differences are not statistically significant unless denoted by

*p <0.05. (C) Immunostaining of E-cadherin (green) in P and KRT19 KO (KO2) cells. Nuclei are
shown in blue. Arrows indicate E-cadherin localization. Bar, 20 um. (D) Streptavidin beads were
used to pulldown P and KRT19 KO (KO2) cells either treated (+) or untreated (-) with biotin for
cell surface labelling of proteins. Immunoprecipitates (IP) and inputs were subjected to SDS-
PAGE and immunoblotting was performed with antibodies against the indicated proteins. (E)
Signal intensities of E-cadherin in IP of biotin-treated samples from (D) were quantified and
normalized to those of E-cadherin in input. Data from at least three experimental repeats
normalized to that of the parental control are shown as mean £ SEM. *p <0.05. (F) Co-IP of 3-
catenin with E-cadherin. IP with anti-B-catenin antibody or IgG control was perform in P and
KRT19 KO (KO2) cells. Immunoprecipitates (IP) and inputs were subjected to SDS-PAGE and
immunoblotting was performed with antibodies against the indicated proteins. (G) Signal
intensities of E-cadherin in IP from (F) were quantified and normalized to those of B-catenin in
IP. Data from at least three experimental repeats normalized to that of the parental control are
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shown as mean = SEM. *p < 0.05. (H) Phase contrast images of P and KRT19 KO (KO2) cells.
Cells were either grown in normal growth condition (Normal media), placed in calcium-free
media for 6 h, then left unstimulated (-Calcium) or stimulated (+Calcium) with CaCl; for 4 h.
Arrows indicate high cell-cell adhesions and arrowheads indicate low cell-cell adhesions. Bar,
20 um.
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Figure 4. Inhibiting internalization rescues cell-cell adhesion of KRT79 KO cells. Parental
and KRT19 KO (KO2) cells were either (A) incubated with labelled transferrin (red) for 30 min,
then immunostained for E-cadherin (green) or (B) co-immunostained for E-cadherin (green) and
LAMP1 (red). Nuclei are shown in blue. Insets: areas in KRT19 KO cells rich in E-cadherin
localization. Bar, 20 um. (C) Cells treated with dynamin inhibitor (Dynasore) or DMSO control for
2 h were subjected to dispase assay. Data from at least three experimental repeats, each with
three replicates, are shown as mean + SEM. Differences are not statistically significant unless
denoted by *p < 0.05. (D) Schematic of how K19 influences E-cadherin localization. While E-
cadherin is localized to cell surface in the presence of K19 (left panel), it is internalized and
accumulated in early/recycling endosomes in the absence of K19 (right panel).
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Figure 5. K19 re-expression rescues defects associated with KRT79 KO cells. (A) KRT19
KO (KO2) cells stably expressing GFP or GFP-K19 were co-immunostained for GFP (green)
and F-actin (red). Nuclei are shown in blue. Bar, 20 ym. (B) Percentage of cells from (A) with
rounded or elongated cell shape. Data from five experimental repeats are shown as

mean + SEM. Differences are not statistically significant unless denoted by *p <0.05;
**p<1x0.001. (C) Number of monolayer fragments formed by KRT19 KO (KO2) cells stably
expressing vector control (V) or K19 from the dispase assay. Data from at least three
experimental repeats, each with three replicates, are shown as mean + SEM. *p <0.05. (D)
Whole cell lysates of KRT19 KO cells stably expressing vector control (V) or K19 were prepared
and immunoblotting was performed with indicated antibodies. (E) Signal intensities of
Plakoglobin and E-cadherin from (D) were quantified and normalized to those of the GAPDH
loading control. Data from at least three experimental repeats normalized to that of the vector
control are shown as mean + SEM. *p <0.05. (F) Co-IP of B-catenin with E-cadherin in KRT19
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KO cells stably expressing GFP or GFP-K19. IP with anti-B-catenin antibody or IgG control was
perform. Immunoprecipitates (IP) and inputs were subjected to SDS-PAGE and immunoblotting
was performed with antibodies against the indicated proteins. Signal intensities of E-cadherin in
IP from were quantified and normalized to those of -catenin in IP and GFP control.
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Figure 6. K19 inhibits cell migration. (A) Wound closure of parental control and KRT719 KO
clones. Phase contrast images of wound area at 0 and 30 h after scratch. Bar, 0.5 mm. (B)
Wound areas from (A) were quantitated using the Imaged software and normalized to that at O
h. (C) Wound closure of KRT19 KO (KO2) cells stably expressing vector control (V) or K19.
Wound areas were quantitated using the ImageJ software and normalized to that at O h.
Transwell migration of (D) parental and KRT79 KO (KOZ2) cells or (E) KRT19 KO (KO2) cells
stably expressing GFP or GFP-K19 in the presence of either 0.1 or 10 % serum as
chemoattractant. Migrated cells were identified either by staining nuclei with propidium iodide or
using GFP signals under a fluorescent microscope. Number of migrated cells per high-power
field were quantified the ImageJ software. For all assays, data from three experimental repeats,
each with three replicates, are shown as mean+ SEM. * p<0.05
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Figure 7. K19 is required for the anchorage-independent growth of MCF7 cells. (A)
Mammosphere formation of parental (P) control and KRT719 KO clones. Phase contrast images
of mammospheres grown in ultra-low attachment plates for 7 days. Bar, 100 ym. (B)
Mammosphere areas from (A) were quantitated using the ImagedJ software. (C) Phase contrast
and immunofluorescence images of mammospheres formed by KRT19 KO (KO2) cells stably
expressing GFP or GFP-K19 in ultra-low attachment plates. Bar, 100 ym. (D) Mammosphere
areas from (C) were quantitated using the ImageJ software. (E) Anchorage-independent growth
of parental and KRT19 KO clones. Phase contrast images of colonies grown in soft agar for 7
days. Bar, 200 um. (F) Colony areas from using (E) were quantitated using the ImageJ
software. (G) KRT19 KO cells stably expressing GFP or GFP-K19 in soft agar for 7 days and
colony areas were measured using the ImageJ software. For all assays, data from three
experimental repeats, each with three replicates, are shown as mean + SEM. * p <0.05;
**n<0.001
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