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Single cell time-lapse analysis
reveals that podoplanin enhances
_cell survival and colony formation
e capacity of squamous cell
e carcinoma cells

Tomoyuki Miyashital?, Youichi Higuchi'?, Motohiro Kojima?, Atsushi Ochiai? &
Genichiro Ishiil?

. Tumor initiating cells (TICs) are characterized by high clonal expansion capacity. We previously reported
. that podoplanin is a TIC-specific marker for the human squamous cell carcinoma cell line A431. The aim
: ofthis study is to explore the molecular mechanism underlying the high clonal expansion potential
of podoplanin-positive A431cells using Fucci imaging. Single podoplanin-positive cells created large
. colonies at a significantly higher frequency than single podoplanin-negative cells, whereas no difference
. was observed between the two types of cells with respect to cell cycle status. Conversely, the cell
death ratio of progenies derived from podoplanin-positive single cell was significantly lower than that
of cells derived from podoplanin-negative cells. Single A431 cells, whose podoplanin expression was
suppressed by RNA interference, exhibited increased cell death ratios and decreased frequency of
large colony forming. Moreover, the frequency of large colony forming decreased significantly when
. podoplanin-positive single cells was treated with a ROCK (Rho-associated coiled-coil kinase) inhibitor,
- whereas no difference was observed in single podoplanin-negative cells. Our current study cleared that
. high clonal expansion capacity of podoplanin-positive TICs populations was the result of reduced cell
death by podoplanin-mediated signaling. Therefore, podoplanin activity may be a therapeutic target in
. the treatment of squamous cell carcinomas.

Cancer cells are comprised of phenotypically and functionally heterogeneous cell populations. Cancer stem cells
(CSCs), also known as tumor initiating cells (TICs), are the cell subpopulation which are characterized by higher
© tumorigenic capacity!. For these reasons, TICs are considered to be the underlying cause of tumor recurrence,
* metastasis and development of drug resistance®’. TICs have been identified in many human tumors including
. leukemia®, breast®, brain®, prostate”®, colon’, and pancreas cancers!?. The most common experimental methods
. for TICs identification are in vivo xenotransplantation into immunocompromised mice and/or in vitro sphere
formation and colony formation assays'!.
Cell surface markers are widely used for isolation of normal or cancer stem cells. Until now, many TICs mark-
. ers including CD44'>13, CD133*15, Lor5! and more were identified. We previously reported that cell surface
: marker Podoplanin (PDPN), a mucin-like transmembrane glycoprotein, is a TIC marker of the human squamous
cell carcinoma cell line, A431"7. In cancer cells, PDPN enhances the tumor metastatic potential by eliciting tumor
cell-induced platelet aggregation through activation of the platelet receptor, CLEC-2 (C-type lectin-like receptor 2)'%.
. Furthermore, the ability of PDPN to interact with member of the ERM (ezrin, radixin, moesin) protein family?
: promotes tumor cell motility?, invasion?', and metastasis*>. PDPN-positive (PDPN*) A431 cells had higher
* tumorigenicity and clonogenicity than PDPN-negative (PDPN~) A431 cells'”. Rhadinani et al. reported that in
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esophageal squamous cell carcinoma cell lines, PDPN™ cells displayed high tumorigenicity and clonogenicity,
concluding that PDPN is an efficient TIC marker®.

In vitro single cell clonogenic assays are commonly deployed for examining the cytotoxic effects of radiation
and/or drug treatment**?°. This technique can also be used for the in vitro evaluation of the survival and prolifera-
tive capabilities of cancer cells. This approach can also be used to characterize TICs, as the size of colonies, i.e., the
number of grown cells, derived from single cells are indicators of the clonogenicity of the seeded cells. A crucial
challenge is to examine how single TIC and non-TIC cells grow in a time-dependent manner and why single TICs
can create large colonies at a higher frequency compared to single non-TICs.

To overcome this problem, we used single cell based live-imaging based on the Fucci (fluorescent
ubiquitination-based cell cycle indicator) system to visualize the differences between PDPN* and PDPN~ cancer
cells, with respect to cell cycle status, viability, and death.

Results

Cell fate map of single A431/Fucci2. We seeded single PDPN* and PDPN~ A431/Fucci2 cells into a 384-
well plate. After 7 days in culture, various number of cells were found in each well (Fig. 1a). Time-lapse imaging
of the culture throughout the 7-day incubation period allowed us to calculate the “cell death” and “cell division”
ratios (Fig. 1b, upper and lower panel, respectively). Moreover, the cell cycle state of each cell was determined by
the color of its nuclear fluorescence. Using these methods, we created a “cell fate map” where the cell cycle phase,
cell division and cell death of all grown cells are displayed (Fig. 1c). In the example presented in Fig. 1c, the initial
cell divided and produced two daughter cells. One daughter cell continued growing and finally produced eight
live cells, whereas the other cell divided once and the two granddaughter cells died. The red and green lines rep-
resent the length of the GO/G1 and S/G2/M phases, respectively.

Growth rates of single PDPN*- and PDPN~- derived cells. Representative samples of colonies gen-
erated within 7 days starting with single sorted PDPN~ and PDPN" A431 cells are displayed in the upper and
lower section of Fig. 2a, respectively. The results of 5 experiments are summarized in Fig. 2b. The percentages of
wells seeded with single PDPN~ or PDPN™ cells that lacked live cells at the end of the 7-day incubation period
were 73 4% and 58 & 4%, respectively. Only 7 & 2% of the single initial PDPN~ cells created large colonies
(>8 cells) vs. 21 5% of PDPNT cells, with the difference being statistically significant (p =0.03). We calculated
growth rate of single PDPN* and PDPN ™ cells (See Material and Methods). Overall, seeded PDPN™ single cells
exhibited a significantly higher growth rate compared to PDPN~ cells (4.1 £0.9 vs. 1.5 £ 0.4, p=0.03) (Fig. 2¢).
Furthermore, we used other squamous cell carcinoma cell line, NCIH2170 cell (human lung squamous cell carci-
noma) and obtained a similar result (Sup. Fig. 2). The average growth rate of PDPN* and PDPN~ NCIH2170 cells
were 8.0 0.9 and 5.2 £ 0.3, respectively (p =0.006). The frequency of large colonies (=8 cells/well) were 37 4= 2%
in PDPN" and 30+ 1% in PDPN ™, respectively (p = 0.008). Taken together, PDPN™ cell had higher growth rate
and large colony forming ability than PDPN~ cell.

Cell cycle analysis of PDPN*- and PDPN~- derived cells. We compared the cell cycle status between
cells derived from PDPN* and PDPN ™~ seeded cells by measuring the duration of the periods when each nucleus
displayed red (G0/G1 phase) and green (S/G2/M phase) fluorescence. Representative examples of cell cycle pro-
gression of A431/Fucci? cells derived from single PDPN~ and PDPN™ cells are displayed in the upper and lower
portions of Fig. 3a, respectively. In the case of wells seeded with PDPN ™ cells, two mCherry-positive cells were
produced after 28 h. In one cell (indicated by a white arrow in the left and middle panels of Fig. 3a), nuclear fluo-
rescence had changed from red to green at 39h. At 60h, the green cell had separated into two red cells (indicated
by a white arrow in the right panel of Fig. 3a).

With respect to the cell cycle progress of PDPN™ cells, at 31 h two mCherry-positive cells had been produced.
At 61h, in one cell (indicated by a white arrow), nuclear fluorescence had changed from red to green. At 70 h,
the green cell had separated into two red cells (indicated by a white arrow). In total, we analyzed 501 PDPN~and
1092 PDPN™ cells. The average G1 phase durations of PDPN*- and PDPN™- derived cells were 19.9+£0.5h
and 18.0 £ 0.7 h, respectively, whereas the respective average durations of S/G2/M phases were 17.241.1h and
20.9 £ 1.8 h. There was no statistically significant difference in average doubling time between A431 PDPN*- and
PDPN™- derived cells (37.0 4 0.9h vs. 38.8 - 1.6 h) (Fig. 3b).

Cell death ratio of PDPN*- and PDPN~- derived cells. Based on the cell fate map (Fig. 1c), we calcu-
lated cell death ratio of each well (See Material and Methods). The upper panel of Fig. 4a indicated that PDPN~
single A431 cell often caused cell death during the culture (with white arrow). On the other hand, PDPN™ single
A431 cell did not cause any cell death during cell divisions. The results are summarized in Fig. 4b. 65 £ 4% of
PDPN™*- derived cells caused cell death, however; 81 & 3% of PDPN - derived cells caused cell death (p =0.01).
Consequently, PDPN™ cells caused cell death less often than PDPN~ cells, which resulted in higher growth ratio.

Cell cycle status and cell death rates of PDPN*- and PDPN - derived cells of each generation.
We determined the cell cycle status and death ratio of each generation of cells derived from the single seeded cells
(Fig. 5a). There was no significant difference in the average doubling time between A431 PDPN* and PDPN~
progeny cells of each generation (Fig. 5b). We calculated the cell death ratio of grown cells of each generation.
PDPN~-derived cells were more prone to dying compared to PDPN*- derived cells until 2" generation progenies.
With respect to 3" generation progenies, the cell death ratio of PDPN~- derived cells was significantly higher than
that of PDPN*-derived cells (11 £ 2% vs. 29 £ 5%, p=0.01) (Fig. 5¢).

Knockdown of PDPN in A431 cells suppresses colony-forming ability. In order to investigate
whether or not PDPN has a functional role in colony forming ability, we transfected shPDPN expression vectors
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Figure 1. Schema of the experiment. (a) PDPN expression of A431/Fucci2 cells (upper left dot plot). Single
PDPN* or PDPN~ A431/Fucci2 cells was sorted and cultured in 384 well plate. Left panel; No viable cells were
observed after 7 days. Middle panel; Single sorted cell created a “small” colony consisting of four progenies.
Right panel; Single sorted cell created a “large” colony consisting of twenty-two progenies. (b) Typical
morphological appearances of “cell death” and “cell division”. Upper panel; At 6h to 12h culture time, reduction
of cellular volume, and cell bursts were observed, which defined as “cell death”. Lower panel; At 32h culture
time, cleavage furrow formatted and separated two cells both of which have red nuclear fluorescence were
observed at 38 h (cell division). (c) Cell fate map of A431/Fucci2 cells. Based on Fucci fluorescent, cell cycle
status, cell division and cell death were identified. Length of the red lines and the green lines reflected the length
of GO/G1 phase and the length of S/G2/M phase, respectively.

SCIENTIFIC REPORTS | 7:39971 | DOI: 10.1038/srep39971 3



www.nature.com/scientificreports/

@

(b)

100%

Frequency of colony

20%

o LN D@ W e
2

(©)

80%

60%

40%

Podoplanin
negative

Podoplanin
positive

Podoplanin
negative

Podoplanin
positive

3 4 5 6 7
Number of cell / well

[\
o

sk

7.0
6.0
5.0

4.0
Podoplanin

3.0 negative

average growth rate

Podoplanin

2.0 positive

1.0

0.0

Figure 2. Growth of single PDPN*- and PDPN - derived cells. (a) Representative samples of colonies at the
7th day. Upper panel; a single PDPN~ A431 cell created a small colony consisting of three cells. Lower panel; a
single PDPNT A431 cell created a large colony consisting of 14 cells. (b) The number of live progenies per well
after 7 days in culture. Results of five experiments are summarized. (c) Growth rates. Values are means+S.D.
from five independent experiments. Statistical analysis was performed using Student’s t-test. **p < 0.05.

into A431/mCherry-hCdt1 cells. PDPN expression in transfected A431 cells was confirmed by flow cytometric
analysis (Sup. Fig. 3). After a 7-day incubation, 61 &= 4% of cells transfected with shLuc had not produced any
living cells. Cells transfected with shPDPN1 or shPDPN3 exhibited higher percentages, 88 £ 7% and 78 + 9%,
respectively. The difference between shLuc and shPDPN1 was statistically significant (p =0.006), as was also the
difference between shLuc and shPDPN3 (p =0.05).

The percentage of cells that created large colonies was higher in shLuc-transfected cells (14 £ 3%) compared
to shPDPN1- (only 2 £ 2%) and shPDPN3- (4 4 6%) transfected cells, while both differences were statistically
significant (shLuc vs. shPDPN1, p = 0.006; shLuc vs. shPDPN3, p = 0.04). Moreover, as seen in Fig. 6b, control
cells displayed a significantly higher growth rate (2.4 £ 0.4) compared to shPDPN1-transfected cells (0.7 £ 0.3,
p=0.003) and shPDPN3- transfected cells (1.1 £ 0.7, p=0.05).
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Figure 3. Cell cycle analysis of PDPN*- and PDPN - derived cells. (a) Representative images of cell cycle
progression of single A431 PDPN ™~ (upper panel) and PDPN™* (lower panel) cells. Upper panel; two mCherry-
positive cells, derived from a single PDPN™ cell, were detected at 28 h (left). Cells indicated with a white arrow
had their nuclear fluorescence changed from red to green at 39 h (middle). At 60 h, one green cell (indicated by
a white arrow) produced two red cells (right). Lower panel; two mCherry-positive cells, derived from a single
PDPN™ cell, were detected at 31h (left). Cells indicated with a white arrow had their nuclear fluorescence
changed from red to green at the time of 61 h (middle). At 70h, one green cell (indicated by a white arrow)
produced two red cells (right). (b) Cell cycle status of progenies of PDPN* and PDPN~ cells. Values are

means & S.D. from five independent experiments. Statistical analysis was performed using Student’s t-test.

With respect to cell death ratios, as seen in Fig. 6¢, both shPDPN1- and shPDPN3- transfected cells displayed
higher (92 + 5% and 84 + 11%, respectively) compared to those of shLuc-transfected cells (69 4= 4%). Both differ-
ences were statistically significant (shLuc vs. sstPDPN1, p=0.003; shLuc vs. shPDPN3, p =0.08).

ROCK inhibition decreases the colony forming ability of PDPN* A431 cells. PDPN possesses an
ERM binding domain and can activate the Rho-ROCK pathway'®. We investigated whether or not this pathway is
necessary to the increased colony forming capacity of PDPN™ cells. As seen in Fig. 7a, the use of a ROCK inhibitor
increased the percentage of single PDPN™ cells that were unable to produce living cells from 58 & 1% (controls) to
69 = 7%, with this being more prone to increase (p = 0.06). Moreover, ROCK inhibition reduced the percentage
of PDPN™ cells that were able to give large colonies from 28 +2% (controls) to 17 & 5%, with the decrease being
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Figure 4. Cell death of PDPN*- and PDPN - derived progenies. (a) Representative cell death images of cells
derived from a single PDPN~ A431 cell (upper panel) and a single PDPN* A431 cell (lower panel). Upper panel;
four PDPN - derived cells were alive at 72h (middle), but one cell (indicated with a white arrow) died at 115h
(left panel). Lower panel; PDPN- derived cells did not die during cell divisions. (b) Calculated cell death ratios.
Values are means + S.D. from five independent experiments. Statistical analysis was performed using Student’s
t-test. **p < 0.05.

statistically significant (p = 0.03). Overall, as seen in Fig. 7b, inhibition of ROCK significantly affected the growth
ratio of PDPN™ A431 cells (3.4 £ 0.1 vs. 4.4 £ 0.5 in controls, p = 0.03). With respect to PDPN cells, ROCK inhi-
bition did not affect the frequency of large colonies (Fig. 7a; 14 & 7% vs. 10 £ 2%, p = 0.38), or the growth ratio
(Fig. 7b; 1.740.5 vs. 2.8 0.9 in controls, p=0.15).

Discussion
Previous studies have used in vitro single cell clonogenic assays for evaluating the tumor-initiating capacity of
cancer cells. However, the molecular mechanism underlying the high colony-forming efficiency of TICs was not
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Figure 5. Cell cycle status and cell death ratio of each generation. (a) Cell fate map focusing on each
generation. In the beginning, there were four “sorted cells” Two of them divided and produced four daughter
cells, defined as “Ist generation progenies”. Two the four cells died, while one divided into two new cells, defined
as “2nd generation progenies”. This cell divided, giving the “3rd generation progeny”. (b) Cell cycle status of
progeny of each generation, deriving from single PDPN* and PDPN ™ cells. (c) Cell death ratios of grown

cells of each generation. Values are means & S.D. from five independent experiments. Statistical analysis was
performed using Student’s t-test. *p < 0.1, **p < 0.05.

clarified. In order to assess this mechanism, we performed a time-dependent study using single cell time-lapse
microscopy to trace the fate of growing cells in cultures derived from single Fucci-transfected cells, throughout a
culture incubation period of seven days.

In this study PDPN*- derived progeny exhibited lower cell death ratios than PDPN~- derived cells.
Furthermore, our PDPN knock down experiments strongly suggest that PDPN is a necessary part of the mech-
anism underlying the increased survival rates of TICs. This may be explained by the fact that PDPN has the
ERM binding domain, which allows it to interact with the ERM family proteins. It has been reported that this
interaction allows PDPN to regulate the activity of RhoA, which is a small GTPase whose pathway plays a role
in cytoskeletal regulation and cell migration. Members of the Rho-associated coiled-coil kinase (ROCK) fam-
ily are major downstream effectors of RhoA. Many studies have shown that the inhibition of ROCK results in
increased apoptosis?. In this study, we found that PDPN-knockdown cells were more prone to dying compared
to control cells. Moreover, treatment of PDPN™ cells with a ROCK inhibitor significantly decreased their colony
forming capacity. Although not significant, ROCK inhibitor tended to suppress the growth ratio of PDPN™ cells.
This may be the result that other signals other than PDPN-mediated may stimulate ROCK pathway even in
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Figure 6. Sh-RNA transfected A431 cells. (a) The number of living cells per well of shRNA-transfected A431
cells after 7 days in culture. The results of three experiments are summarized. (b) Growth rate of sShRNA-
transfected A431 cells. (c) Cell death ratios of shRNA-transfected A431 cells. T Results of three experiments are
summarized. Values are means + S.D. from three independent experiments. Statistical analysis was performed
using Student’s t-test. *p < 0.1, ***p < 0.01.

podoplanin-negative A431 cells. Our results strongly suggest that PDPN-ROCK signaling plays an important role
in cell survival and the ability of cells to create large colonies.

TICs are considered as a special cancer cell subpopulation located at the top of the differentiation hier-
archy of tumor organization?”-?%. In this study, PDPN™ A431 cells were found to express higher levels of the
undifferentiated-state markers, CD44 and Sox2, but lower levels of the differentiated-state markers, IVL and
KRT4 (Sup. Fig. 4). These results indicate that PDPN™ cells represent a less differentiated state than PDPN™ cells,
which is consistent with the immunohistochemical observation that PDPN™ cells are localized in the periphery
of the squamous cell carcinoma tumor nests?**. Thus, PDPN expression probably reflects a less mature status in
the differentiation progress of squamous cell carcinomas.

Many studies have reported that TICs in cancer tissues are predominantly in a dormant state. Devon et al.
reported that breast cancer cells displaying stem-like characteristics expressed two dormancy-related genes,
TGFB2 and CDKN1B*. Moreover, it has been reported that sphere-derived lung cancer cells overexpress stem
cell markers and display a quiescent phenotype®?. However, Federica et al., studying an in vivo tumor xeno-
graft model, reported that CD133-positive colon TICs were primarily associated with increased Ki-67 staining®,
whereas lung cancer TICs with high expression levels of both ALDH and CD44 were reportedly characterized by
ahigh G2/M phase fraction®. To sum up, there is no consensus regarding the cell cycle status of TICs. In the cur-
rent study, no significant difference in cell cycle status was observed between PDPN*- and PDPN-derived cells.
It is generally accepted that the cell cycle status of cancer cells is dependent on both intrinsic (cancer cell-derived)
and extrinsic (stromal cell-derived) factors present within the cancer microenvironment*-*. Our study analyzing
the grown cells from single cancer cell might purely indicate the endogenous character of TICs.

Our results clearly indicate that PDPN is responsible for the reduced cell death ratio observed in TICs
(PDPN), which allows the formation of large colonies by these cells at frequencies higher compared to non-TICs
(PDPN"). It is well known that PDPN expression is increased in various malignant tumors including squamous
cell carcinomas. PDPN on cancer cell surfaces plays a role in cancer cell-induced platelet aggregation. Platelet
aggregation-stimulating (PLAG) domains of PDPN are involved in binding to its platelet receptor CLEC-2.
Recent studies reported that the use of neutralizing antibodies targeting the PLAG domain of PDPN can inhibit
platelet aggregation by blocking PDPN-CLEC2 interaction, resulting in the suppression of tumor growth and
metastasis®®**, whereas a non-neutralizing anti-PDPN antibody also has been successfully used to suppress tumor
development and hematogenous lung metastasis via antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC)*. Our data suggest that the inhibition of PDPN-ROCK signaling
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Figure 7. ROCK inhibitor treated A431 cells. (a) The number of living cells per well after 7 days in culture,
in the presence of a ROCK (Rho-associated coiled-coil kinase) inhibitor. (b) Growth rate of ROCK inhibitor
treated A431 cells. Results of three experiments are summarized. Values are means =+ S.D. from three
independent experiments. Statistical analysis was performed using Students t-test. **p < 0.05.

can suppress tumor formation itself. Therefore, one may conclude that PDPN plays a dual role in tumor progres-
sion and tumor metastasis, via the activation of the ROCK pathway in cancer cells and via platelet aggregation.
Moreover, our results suggest that PDPN activity may be a therapeutic target for suppressing squamous cell car-
cinomas in the early stages of metastasis.

Methods

Cell culture. The human squamous cell carcinoma line A431 and lung squamous cell carcinoma line
NCIH2170 were obtained from the ATCC (American Type Culture Collection, America) nonprofit organization.
A431 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) from Sigma (St. Louis, MO, USA) and
NCIH2170 were in Roswell Park Memorial Institute (RPMI) 1640 Medium from Sigma (St. Louis, MO, USA),
supplemented with 10% fetal bovine serum (Sigma), and 1% penicillin and streptomycin (Sigma). Cells were
incubated at 37°C in an atmosphere containing 5% CO,.

Generation of A431/Fucci2 cells. CSII-EF-MCS vectors encoding mCherry-hCdtl (30/120) or
mVenus-hGeminin (1/110) fusion proteins (kindly provided by Dr. Miyawaki of the RIKEN Brain Science
Institute*!) were co-transfected with the packaging plasmid (pCAG-HIVgp), and the VSV-G- and Rev-expressing
plasmid (pCMV-VSV-G-RSV-Rev) (also provided by the RIKEN Institute) into A431 cells. Lentiviral transfection
was performed as previously reported*.

A431 cells expressing both mCherry-hCdt1 and mVenus-hGeminin fusion proteins, hereafter referred to as
A431/Fucci2 cells, were created by first inserting the mCherry-hCdt1 construct. The fluorescence produced by
the mCherry-hCdt1 fusion protein was used to sort successfully transfected cells through FACS using an Aria
II cell sorter (BD Bioscience, San Jose, CA, USA). The sorted A431/mCherry-hCdt1 cells were then transfected
with the mVenus-hGeminin construct. Finally, mVenus expressed cells were sorted and named A431/Fucci2 cells.

Generation of PDPN knockdown A431 cells. Two different short hairpin RNA expression constructs,
shPDPN1 and shPDPN3, were created as previously described*?, whereas shRNA specific for the luciferase gene
(shLuc) was used as a control.
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The lentiviruses were produced in 293 T cells. The Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA,
USA) was used for transfection according to the manufacturer’s instructions. Virus-containing medium was fil-
tered through a 0.45-pum filter and 8 ug/ml of polybrene (Santa Cruz) was added for A431/mCherry-hCdt1 cells.

Cell cycle analysis. 1.0 x 10° A431/Fucci2 cells were fixed in cold 70% Et-OH and suspended in 500 pL of
PBS/3% FBS, to which 2 uL of DRAQS5 far-red fluorescent DNA dye (Biostatus, Shepshed, UK) was added. Three
fractions of cells were sorted using FACS: mCherry positive - mVenus negative, 2) mCherry positive - mVenus
positive, and 3) mCherry negative - mVenus Positive A431/Fucci2 cells. Subsequently, sorted cells were again
fixed and stained with DRAQ5, and the DNA content of each fraction was analyzed using the FL3 filter of FACS
caliber (BD Bioscience). The resulting histograms were merged (Sup. Fig. 1a). Fluorescent images of A431/Fucci2
cells are shown in Sup. Fig. 1b.

Single cell sorting and culture. 1.0 x 10° of cultured A431/Fucci2 cells were suspended in 100 pL
of PBS/3% FBS. The suspension was stained with anti-podoplanin mouse IgG (gp36, clone 18H5, Abcam,
Cambridge, UK) or control mouse IgG. The primary antibody was detected with goat anti-mouse IgG PE-Cy7
conjugated antibody. Stained cells were washed and resuspended. FACS Aria II was used to sort PDPN™ and
PDPN" cells. Single cells of either type were seeded into wells of a 384-well plate (BD Bioscience). First, we per-
formed single cell culture without conditioned medium, but almost of seeded cells caused cell death and little
colonies could be observed after 7 days culture. We previously found that the efficient growth of single cancer
cell required condition medium factors produced by cancer cells themselves**. Therefore, we used conditioned
medium of A431 in this experimental setting. 1.0 X 10° of A431/Fucci?2 cells were seeded into a 10 cm dish. Two
days later, the medium was replaced fresh growth medium. After 24 h, the supernatant was collected and filtrated
through a 0.45-pm filter. 100 pL of collected supernatant were added to each well, to which sorted single A431
PDPN™ or PDPN™ cells were subsequently seeded. Plates were incubated in IncuCyte ZOOM (Essen BioScience,
Ann Arbor, MI, USA) and time-lapse images of all 384 wells were obtained every one hour for 7 days. The precise
data of the corresponding numbers of seeded and grown cells are provided in Sup. Tables 1, 2, and 3. The ROCK
(Rho-associated coiled-coil kinase) inhibitor Y-27632 (Wako Pure Chemical Industries, Wako, Japan) was added
into the culture medium at a final concentration of 10 pM.

Time-lapse imaging of single PDPN* and PDPN~ cells. Through time-lapse imaging and analysis of
the acquired images, we traced all single initial cells and their progeny, which either underwent cell division and
proliferated, or died. Moreover, the Fucci fluorescence technology allowed us to determine the length of each
cell cycle phase. Cells at the GO/G1 phases displayed red nuclear fluorescence, due to the accumulation of the
mCherry-hCdt1 fusion protein in the nucleus, whereas cells at the S/G2/M phages displayed green fluorescence,
due to the accumulation of the mVenus-HGeminin protein during these phases. Burst cells, shrunk cells display-
ing nuclear fragmentation, and inflated cells exhibiting swelling of organelles, plasma membrane rupture and
subsequent loss of intracellular contents, were all defined as types of “cell death™** (Fig. 1b, upper). In contrast,
cells whose nuclear fluorescence changed from red to green, as well as cells in the process of separation, were
defined as cells undergoing “cell division” (Fig. 1b, lower).

Calculation of growth rate. The following formula was used to calculate the growth rate for each
experiment:

(total number of live cells/experiment)

Growth rate (%) =
(total number of seeded cells/experiment)

Calculation of cell death ratio. The following formula was used to calculate the cell death ratio for each
well:

(number of dead cells/well)
(number of dead cells/well) + (number of live cells/well)

Cell death ratio (%) =

For example, the single sorted cell of Fig. 1c divided into two daughter cells. One of these two cells divided,
but both of its progeny died. The other cell gave eight live cells after three divisions. In this case, the number of
live cells at the end of the experiment was eight, whereas we had observed the death of two cells. By applying the
aforementioned formula, the death ratio is calculated at 20%.

Real-time reverse transcription polymerase chain reaction (RT-PCR). Sorted PDPN* and PDPN~
cells were suspended in 1 mL of TRIzol reagent (Life Technologies, Carlsbad, CA, USA) and stored at —80°C.
Total RNA was purified from thawed samples through standard techniques, and cDNA was synthesized using the
PrimeScript RT reagent Kit (Takara, Shiga, Japan), according to the manufacturer’s instructions. Real time PCR
was performed in a Smart Cycler System (Takara) using the SYBR Premix Ex Taq II (Takara), according to the
manufacturer’s instructions. The sequences of the used primers are displayed in Sup. Table 4.

References
1. Meacham, C. E. & Morrison, S. ]. Tumour heterogeneity and cancer cell plasticity. Nature 501, 328-337, doi: 10.1038/nature12624 (2013).
2. Massague, . & Obenauf, A. C. Metastatic colonization by circulating tumour cells. Nature 529, 298-306, doi: 10.1038/nature17038 (2016).
3. Liu, H,, Lv, L. & Yang, K. Chemotherapy targeting cancer stem cells. American journal of cancer research 5, 880-893 (2015).
4. Bonnet, D. & Dick, J. E. Human acute myeloid leukemia is organized as a hierarchy that originates from a primitive hematopoietic
cell. Nature medicine 3, 730-737 (1997).

SCIENTIFICREPORTS|7:39971 | DOI: 10.1038/srep39971 10



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.

16.
. Atsumi, N. et al. Podoplanin, a novel marker of tumor-initiating cells in human squamous cell carcinoma A431. Biochemical and

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44.

. Al-Hajj, M., Wicha, M. S., Benito-Hernandez, A., Morrison, S. J. & Clarke, M. E. Prospective identification of tumorigenic breast

cancer cells. Proc. Natl. Acad. Sci. USA. 100, 3983-3988, doi: 10.1073/pnas.0530291100 (2003).

. Singh, S. K. et al. Identification of a cancer stem cell in human brain tumors. Cancer research 63, 5821-5828 (2003).
. Patrawala, L. et al. Highly purified CD44+ prostate cancer cells from xenograft human tumors are enriched in tumorigenic and

metastatic progenitor cells. Oncogene 25, 1696-1708, doi: 10.1038/sj.0onc.1209327 (2006).

. Hurt, E. M., Kawasaki, B. T., Klarmann, G. J., Thomas, S. B. & Farrar, W. L. CD44+ CD24(—) prostate cells are early cancer

progenitor/stem cells that provide a model for patients with poor prognosis. British journal of cancer 98, 756-765, doi: 10.1038/sj.
bjc.6604242 (2008).

. Ricci-Vitiani, L. et al. Identification and expansion of human colon-cancer-initiating cells. Nature 445, 111-115, doi: 10.1038/

nature05384 (2007).

Li, C. et al. Identification of pancreatic cancer stem cells. Cancer research 67, 1030-1037, doi: 10.1158/0008-5472.CAN-06-2030
(2007).

Sugihara, E. & Saya, H. Complexity of cancer stem cells. International journal of cancer 132, 1249-1259, doi: 10.1002/ijc.27961
(2013).

Du, L. et al. CD44 is of functional importance for colorectal cancer stem cells. Clinical cancer research: an official journal of the
American Association for Cancer Research 14, 6751-6760, doi: 10.1158/1078-0432.CCR-08-1034 (2008).

Prince, M. E. et al. Identification of a subpopulation of cells with cancer stem cell properties in head and neck squamous cell
carcinoma. Proc. Natl. Acad. Sci. USA. 104, 973-978, doi: 10.1073/pnas.0610117104 (2007).

Vermeulen, L. ef al. Single-cell cloning of colon cancer stem cells reveals a multi-lineage differentiation capacity. Proc. Natl. Acad.
Sci. USA. 105, 13427-13432, doi: 10.1073/pnas.0805706105 (2008).

Warrier, S., Pavanram, P, Raina, D. & Arvind, M. Study of chemoresistant CD133+- cancer stem cells from human glioblastoma cell
line U138MG using multiple assays. Cell biology international 36, 1137-1143, doi: 10.1042/CBI20110539 (2012).

Barker, N. et al. Crypt stem cells as the cells-of-origin of intestinal cancer. Nature 457, 608-611, doi: 10.1038/nature07602 (2009).

biophysical research communications 373, 36-41, doi: 10.1016/j.bbrc.2008.05.163 (2008).

Sugimoto, Y. et al. Suppression of experimental lung colonization of a metastatic variant of murine colon adenocarcinoma 26 by a
monoclonal antibody 8F11 inhibiting tumor cell-induced platelet aggregation. Cancer research 51, 921-925 (1991).

Martin-Villar, E. et al. Podoplanin binds ERM proteins to activate RhoA and promote epithelial-mesenchymal transition. Journal of
cell science 119, 4541-4553, doi: 10.1242/jcs.03218 (2006).

Ochoa-Alvarez, J. A. et al. Antibody and lectin target podoplanin to inhibit oral squamous carcinoma cell migration and viability by
distinct mechanisms. Oncotarget 6, 9045-9060, doi: 10.18632/oncotarget.3515 (2015).

Nakashima, Y. et al. Podoplanin is expressed at the invasive front of esophageal squamous cell carcinomas and is involved in
collective cell invasion. Cancer science 104, 1718-1725, doi: 10.1111/cas.12286 (2013).

Kunita, A. et al. The platelet aggregation-inducing factor aggrus/podoplanin promotes pulmonary metastasis. The American journal
of pathology 170, 1337-1347, doi: 10.2353/ajpath.2007.060790 (2007).

Rahadiani, N. et al. Tumorigenic role of podoplanin in esophageal squamous-cell carcinoma. Annals of surgical oncology 17,
1311-1323, doi: 10.1245/510434-009-0895-5 (2010).

Franken, N. A., Rodermond, H. M., Stap, J., Haveman, J. & van Bree, C. Clonogenic assay of cells in vitro. Nature protocols 1,
2315-2319, doi: 10.1038/nprot.2006.339 (2006).

Buch, K. et al. Determination of cell survival after irradiation via clonogenic assay versus multiple MTT Assay-a comparative study.
Radiation oncology 7, 1, doi: 10.1186/1748-717X-7-1 (2012).

Abe, H. et al. The Rho-kinase inhibitor HA-1077 suppresses proliferation/migration and induces apoptosis of urothelial cancer cells.
BMC cancer 14, 412, doi: 10.1186/1471-2407-14-412 (2014).

Lamprecht, S. & Fich, A. The cancer cells-of-origin in the gastrointestinal tract: progenitors revisited. Carcinogenesis 36, 811-816,
doi: 10.1093/carcin/bgv095 (2015).

Schepers, A. G. et al. Lineage tracing reveals Lgr5-+ stem cell activity in mouse intestinal adenomas. Science 337, 730-735, doi:
10.1126/science.1224676 (2012).

Ito, T. et al. Low podoplanin expression of tumor cells predicts poor prognosis in pathological stage IB squamous cell carcinoma of
the lung, tissue microarray analysis of 136 patients using 24 antibodies. Lung cancer 63, 418-424, doi: 10.1016/j.lungcan.2008.06.008
(2009).

Shimada, Y. et al. Expression of podoplanin, CD44, and p63 in squamous cell carcinoma of the lung. Cancer science 100, 2054-2059,
doi: 10.1111/j.1349-7006.2009.01295.x (2009).

Lawson, D. A. et al. Single-cell analysis reveals a stem-cell program in human metastatic breast cancer cells. Nature 526, 131-135,
doi: 10.1038/nature15260 (2015).

Bleau, A. M. et al. Sphere-derived tumor cells exhibit impaired metastasis by a host-mediated quiescent phenotype. Oncotarget 6,
27288-27303, doi: 10.18632/oncotarget.4803 (2015).

Francescangeli, F. et al. Proliferation state and polo-like kinasel dependence of tumorigenic colon cancer cells. Stem cells 30,
1819-1830, doi: 10.1002/stem.1163 (2012).

Liu, J. et al. Lung cancer tumorigenicity and drug resistance are maintained through ALDH(hi)CD44(hi) tumor initiating cells.
Oncotarget 4, 1698-1711, doi: 10.18632/oncotarget.1246 (2013).

Walker, N. D. et al. The bone marrow niche in support of breast cancer dormancy. Cancer letters. doi: 10.1016/j.canlet.2015.10.033
(2015).

Sosa, M. S., Bragado, P. & Aguirre-Ghiso, J. A. Mechanisms of disseminated cancer cell dormancy: an awakening field. Nature
reviews. Cancer 14, 611-622, doi: 10.1038/nrc3793 (2014).

Schedin, P. & Elias, A. Multistep tumorigenesis and the microenvironment. Breast cancer research: BCR 6, 93-101, doi: 10.1186/
ber772 (2004).

Miyata, K. et al. Suppression of Aggrus/podoplanin-induced platelet aggregation and pulmonary metastasis by a single-chain
antibody variable region fragment. Cancer medicine 3, 1595-1604, doi: 10.1002/cam4.320 (2014).

Sekiguchi, T. et al. Targeting a novel domain in podoplanin for inhibiting platelet-mediated tumor metastasis. Oncotarget 7,
3934-3946, doi: 10.18632/oncotarget.6598 (2016).

Kato, Y. et al. The chimeric antibody chLpMab-7 targeting human podoplanin suppresses pulmonary metastasis via ADCC and
CDC rather than via its neutralizing activity. Oncotarget 6, 36003-36018, doi: 10.18632/oncotarget.5339 (2015).

Sakaue-Sawano, A., Kobayashi, T., Ohtawa, K. & Miyawaki, A. Drug-induced cell cycle modulation leading to cell-cycle arrest,
nuclear mis-segregation, or endoreplication. BMC cell biology 12, 2, doi: 10.1186/1471-2121-12-2 (2011).

Hoshino, A. et al. Podoplanin-positive fibroblasts enhance lung adenocarcinoma tumor formation: podoplanin in fibroblast
functions for tumor progression. Cancer research 71, 4769-4779, doi: 10.1158/0008-5472.CAN-10-3228 (2011).

Ishii, G., Hashimoto, H., Atsumi, N., Hoshino, A. & Ochiai, A. Morphophenotype of floating colonies derived from a single cancer
cell has a critical impact on tumor-forming activity. Pathology international 63, 29-36, doi: 10.1111/pin.12018 (2013).

Kroemer, G. et al. Classification of cell death: reccommendations of the Nomenclature Committee on Cell Death 2009. Cell death and
differentiation 16, 3-11, doi: 10.1038/cdd.2008.150 (2009).

SCIENTIFICREPORTS|7:39971 | DOI: 10.1038/srep39971 11



www.nature.com/scientificreports/

Acknowledgements

We wish to acknowledge the assistance of Hiroko Hashimoto for her technical supports. This work was supported
in part by the National Cancer Center Research and Development Fund (23-A-12), the Foundation for the
Promotion of Cancer Research, the 3rd Term Comprehensive 10-Year Strategy for Cancer Control, the Advanced
Research for Medical Products Mining Programme of the National Institute of Biomedical Innovation (NIBIO)
and JSPS KAKENHI (24659185 and 16H05311).

Author Contributions
A.O., M.K. and Y.H. jointly conceived the study with G.I. G.I. and T.M. performed all experiments and all date
analysis, and wrote the main manuscript text and prepared all figures. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Miyashita, T. et al. Single cell time-lapse analysis reveals that podoplanin enhances
cell survival and colony formation capacity of squamous cell carcinoma cells. Sci. Rep. 7, 39971; doi: 10.1038/
srep39971 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS|7:39971 | DOI: 10.1038/srep39971 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Single cell time-lapse analysis reveals that podoplanin enhances cell survival and colony formation capacity of squamous ce ...
	Results

	Cell fate map of single A431/Fucci2. 
	Growth rates of single PDPN+- and PDPN−- derived cells. 
	Cell cycle analysis of PDPN+- and PDPN−- derived cells. 
	Cell death ratio of PDPN+- and PDPN−- derived cells. 
	Cell cycle status and cell death rates of PDPN+- and PDPN−- derived cells of each generation. 
	Knockdown of PDPN in A431 cells suppresses colony-forming ability. 
	ROCK inhibition decreases the colony forming ability of PDPN+ A431 cells. 

	Discussion

	Methods

	Cell culture. 
	Generation of A431/Fucci2 cells. 
	Generation of PDPN knockdown A431 cells. 
	Cell cycle analysis. 
	Single cell sorting and culture. 
	Time-lapse imaging of single PDPN+ and PDPN− cells. 
	Calculation of growth rate. 
	Calculation of cell death ratio. 
	Real-time reverse transcription polymerase chain reaction (RT-PCR). 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schema of the experiment.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Growth of single PDPN+- and PDPN−- derived cells.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Cell cycle analysis of PDPN+- and PDPN−- derived cells.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Cell death of PDPN+- and PDPN−- derived progenies.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Cell cycle status and cell death ratio of each generation.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Sh-RNA transfected A431 cells.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ ROCK inhibitor treated A431 cells.



 
    
       
          application/pdf
          
             
                Single cell time-lapse analysis reveals that podoplanin enhances cell survival and colony formation capacity of squamous cell carcinoma cells
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39971
            
         
          
             
                Tomoyuki Miyashita
                Youichi Higuchi
                Motohiro Kojima
                Atsushi Ochiai
                Genichiro Ishii
            
         
          doi:10.1038/srep39971
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39971
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39971
            
         
      
       
          
          
          
             
                doi:10.1038/srep39971
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39971
            
         
          
          
      
       
       
          True
      
   




