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Abstract

High grade serous ovarian carcinoma (HGSOC) is recognized as the most frequent type of ovarian cancer and the main cause of ovarian
cancer related deaths worldwide. Although homologous recombination deficiency testing has been adopted in the clinical workflow,
morphological analysis remains the main diagnostic tool. In this study Atomic Force Microscopy (AFM) was tested in standard hematoxylin
and eosin (H&E) stained sections to investigate the biomechanical properties of different architectural growing patterns of HGSOC. Our
results showed that AFM was able to discriminate HGSOC morphological growing patterns as well as patients’ stage. Micropapillary pattern,
which has been associated to poor outcome, had lower Young’s moduli. In addition stage IV HGSOC was significantly softer than stage III
cancers. Based on our results, AFM analysis could represent an additional tool in HGSOC morphological diagnosis as the biomechanical
proprieties of HGSOC were quantitatively associated to tumor staging and architectural pattern.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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High grade serous ovarian carcinoma (HGSOC) is the most still a lack of effective treatments.? Several efforts have been

common type of epithelial ovarian cancer (EOC)." This disease
has become a public health concern as the 5-year survival rate
has not been lengthened over the past decades because there’s
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made to characterize at molecular level the complexity and
heterogeneity of this type of cancer and consequently find
prognostic and predictive biomarkers useful for patient’s
management.”* However, so far, apart from the development
of immunohistochemical (IHC) algorithms helpful in the
differential diagnosis,”*® only molecular testing for homologous
recombination system deficiency (HRD) has shown its applica-
tion in clinics, since patients with this feature might benefit from
PARPs inhibitors therapy.” As a result of the lack of effective
molecular targets, the histological analysis of H&E tissue
sections under the optical microscope is still the major and
most valuable source of information for the pathologists, as
histological features have been proven of prognostic significance
in several repons.g’lo

In the last years, certain groups have shown that HGSOC
growing architectural patterns can be associated with specific
molecular or histological features and, in particular, that
HGSOCs with solid, endometrioid-like or transitional-like
pattern (gathered together in a group named SET) have a
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different behavior compared to those having classic features,
namely papillary and micropapillary patterns. 12 However, the
link between these characteristics and patient’s survival or
response to platinum-based chemotherapy is still unclear.

It’s possible that additional determinants besides molecular
and histological features are associated with cancer aggressive-
ness and resistance to chemotherapy agents, including the
different compliance of cancer tissues with respect to healthy
ones. To this respect, a physical technique, named the atomic
force microscopy (AFM), is emerging as a new tool in pathology
to study the mechanical properties of tumors and further define
their heterogeneity.'?

In the present study, we tested the diagnostic potential of
AFM and its possible utility in ovarian cancer pathology by
analyzing the biomechanical properties of certain HGSOCs
growing patterns directly on standard H&E tissue sections.

Methods
Sample collection

Samples were collected at the National Cancer Institute of
Aviano (C.R.O.). All patients gave informed consent before
enrollment in the study and ethical approval for the study was
obtained by the institutional review board (protocol number
1213, 24 January 2017). The criteria for patient’s selection were:
i) women who had stage IIIC or IV high grade serous ovarian
cancer, ii) the availability of partial or complete follow-up
information and iii) the availability of H&E slides and
corresponding formalin-fixed and paraffin-embedded tissue
blocks.

Histological and immunohistochemical revision

Histological revision and immunohistochemical staining
were carried out to confirm HGSOC diagnosis and investigate
tumor growth. In particular, IHC analysis was carried out using a
panel of seven biomarkers modified by Kobel et al® which
allows discriminating HGSOC from other types of epithelial
ovarian cancer. The list of the biomarkers and their analytical
details are reported in Table 1. After diagnostic confirmation,
eighteen samples were chosen according to the HGSOC growing
patterns described by Soslow et al.'"* All selected cases were
HGSOC peritoneal implants derived from debulking procedures
carried out between 2010 and 2016 for which complete or partial
clinical information was available. Since different HGSOC
architectural patterns often coexist in the same tumor specimen,
only samples with pure morphological architecture or one
evident predominant pattern were taken into consideration. The
architectural patterns selected for AFM analysis included
papillary, micropapillary, solid, transitional-like and
endometrioid-like. As healthy controls stromal tissues derived
from two peritoneal locations were chosen.

In addition to the pattern analysis, a histopathological
characterization of the tissue slides by visual estimation was
carried out as well, in order to relate tumor stiffness with
histological parameters such as the degree of vascular invasion

Table 1

Antibodies used for immunohistochemical analysis.

Antibody Clone Localization Incubation
p53 DO-7 Ventana Nuclear 16 min 37° C
pl6 E6H4 Ventana Nuclear/cytoplasm 16 min 36° C
WTI1* 6F-H2 Ventana Nuclear 40 min 37° C
Ki67 30-9 Ventana Nuclear 16 min 37° C
PR® 1E2 Ventana Nuclear 16 min 36° C
HNFI1p° HPA002083-Sigma Nuclear 32 min RT
BRCAI MS110 Abcam Nuclear/cytoplasm 36 min RT

* WTI1: Wilm’s tumor protein 1.
® PR: progesterone receptor.
¢ HNF1p: hepatocyte nuclear factor 1-p.

(0-3 score), necrosis (0-3 score), the number of mitoses (x10
HPF) and the number of lymphocytes (x1 HPF).

TMA construction

In order to perform AFM analyses, tissue microarrays were
constructed using FFPE tissue blocks of the selected peritoneal
implants. For each block, one to three representative spots of the
lesion were taken, using as reference the respective spots marked
on H&E slides. Tissue cores of 1.2 mm diameter were drawn off
from the selected spots of the donor paraffin blocks and punched
into a recipient block using an Arraymold tissue Microarrayer
(Riverton, Utah, USA). Once prepared, TMA was placed upside-
down into a glass slide at 40 °C overnight to allow incorporation
of tissue cores into the paraffin block. After cooling, 4 pm thick
sections were cut and stained according to the Institute’s standard
processing protocol.

AFM measurements

The stiffness of tissues sections as small as 4 pm in thickness
was studied by determining the Young’s modulus of cells
visualized inside the tissue. Measurements were made directly on
TMA slides in a liquid environment, using a Smena AFM (NT-
MDT Co., Moscow, Russia) mounted on an inverted microscope
(Nikon Eclipse Ti-U). The slide was placed in a 60-ml petri dish
above the AFM stage for positioning the indentation locations
during the experiments. Optical images were acquired on the
inverted microscope using the software NIS Elements. Subse-
quently, the slide was immobilized on a plate by applying a two
components fast drying glue (Reprorubber® Thin Pour).
Afterwards, the petri dish was placed on the microscope stage
within the plate and filled with PBS solution at room
temperature.

Mechanical characterization tests were performed via force
spectroscopy method, using AFM cantilever (Etalon HA-NC)
with nominal spring constant of 3.5 N/m and a spherical
polystyrene bead of 20 pm diameter glued at its terminal end. In
order to characterize the spring constant of the cantilever, the
thermal noise method was used while the sensitivity was
measured over the rigid surface of the glass slide at the end of
each experiment. The force—displacement curves were recorded
accordingly using NOVA-Px 3.4 control and the analysis
software (NT- MDT Co., Moscow, Russia). In each sample’s
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spot, one to three regions of interest (ROI) were selected, and in
each region, over 40 points in an area of 300 x 400 pm2 were
measured (see Supplementary Figure 1). Young’s modulus
values, in kPa, were determined by fitting the force-displacement
curves with a Hertzian model, taking advantage of the software
Atomicl."® All steps of the experiment, from the preparation of
the samples up to the measurement of the mechanical
characteristics, were carried out within a few hours.

Force—displacement curves fitting

In order to evaluate the Young’s modulus in each indented point,
force—displacement curves were fitted to the Hertzian model, which
is widely used for the determination of elastic properties of cells from
AFM force—indentation curves.'®> Hertzian model assumes the
sample to be isotropic and linear elastic half-space, while the indenter
is not deformable and interacting with the sample only mechanically.
With respect to other contact mechanics models, as Derjaguin—
Miiller-Toporov, Johnson—Kendall-Roberts or non-Hertzian
models,'” which include for instance sample adhesion, the Hertz
approximation is well suitable for the limit of small indentation
depths. In our case, given the sample thickness of 4 um, we analyzed
an indentation depth of 200 nm from the contact point. The relation
between the acting force F) of the indenter the substrate's Young's
modulus E and the indentation depth § in the Hertz model is then:

4 ER'PAPP
073 e
where v is the Poisson's ratio and R the indenter’s radius, with
§ < R.'® We assume a Poisson’s ratio of 0.5, as for soft materials
where the bulk modulus is largely exceeding the shear modulus.

Common to all the contact mechanics models is that they neglect
the effect of back-reflection of the stress transmitted from the probe
to the stiff substrate on which cell/tissues are lying to the sample and
then to the cantilever itself, introducing errors in the sample elastic
modulus evaluation. We therefore decided to include a bottom effect
correction term as suggested by Dimitriadis et al'® resulting in the
following expression for the indentation force:

1 1.133(6R) 1.4976R  1.469(6R): 0.755(5R)?
F=Fo|g+ h()+ rEahs hg L hi)

This modified Hertzian contact model, valid for spherical
probes, allowed us to improve the quality of the fit, as controlled
by maximizing the coefficient of determination R* '

Statistical tests

Mann-Whitney test was used to compare Young’s modulus
among HGSOC patterns and healthy tissue. The mean Young’s
modulus of each sample has also been calculated to correlate
sample’s stiffness with clinical and histological variables. The
obtained values were dichotomized for subsequent analysis with
respect to their median value. Values lower and equal or higher
than the median value were classified as “low” or “high” status,
respectively. The “low” and “high” groups were then compared
with clinical and histological variables using contingency tables
and Chi-square test while their prognostic significance was

Table 2
Clinicopathologic features of patients.

Variable n (%), mean
Age at diagnosis 60
FIGO stagea

i 11 (65)

v 6 (35)

NAP 1
Survival

Dead 9 (50)

Alive 9 (50)
Surgical strategy

PDS* 16 (89)

NACT* 2(11)
Primary platinum response

Never progressed 3 (20)

Sensitive 9 (60)

Resistant 3 (20)

NA 3
Residual tumor after surgery

Yes 14 (82)

No 3 (18)

NA 1

# FIGO stage: International Federation of Gynecology and Obstetrics staging
system.

® NA: data not available.

¢ PDS: primary debulking surgery.

4 NACT: neo-adjuvant chemotherapy

assessed using the log-rank test and plotted using the Kaplan—
Meier curves.

Results
Clinicopathological features of the patients

A summary of the clinicopathological features of the eighteen
patients selected is reported in Table 2.

Stiffness of HGSOC architectural patterns

Young’s modulus of 20 tissues samples including 18 tumors
and two healthy controls was measured by indentation in one to
three different locations within each TMA’s tissue spot. HGSOC
tissue samples were chosen according to the architectural pattern;
in detail, 3 endometrioid-like, 4 micropapillary-like, 4 papillary,
4 solid and 3 transitional-like high grade serous ovarian
carcinomas were analyzed. A representative image of each
morphological pattern and a healthy peritoneal tissue is depicted
in Figure 1.

For each sample, a mean of 51 indentations over the selected
locations was performed. Due to samples’ heterogeneity a
portion of the acquired curves was remeasured during the
experiment and another portion was deemed unfit for the further
analysis at the following steps.
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Figure 1. Representative optical microscope images of HGSOC patterns (A-E) and healthy peritoneal tissue (F). HGSOC patterns: micropapillary-like (A);
endometrioid-like (B); papillary (C); solid (D); transitional-like (E); and healthy peritoneal fibrous tissue (F).
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Figure 2. Representative curves of AFM force vs distance (A) and vs sample indentation (B) for the HSOGC patterns and healthy peritoneal tissue. In B dots
show experimental force curves, and dashed lines are the curves fitted by the applied Hertz model.

Stiffness values derived from the two healthy controls and
from tumors with the same architectural pattern were gathered
and analyzed.

In Figure 2 we report the representative AFM force—distance
and corresponding force—indentation curves with modified Hertz
fit to extract the Young’s modulus for the 5 different HGSOC
architectural patterns and for the control (stroma).

Due to heterogeneity of tissue morphology, the outlier
stiffness values were removed from each group using ROUT
(Robust regression and outlier removal) method on Prism
software and setting the maximum desired FDR (false discovery

rate) to 10%. Cleaned data for each group were then analyzed for
the distribution of elastic moduli and fit to the Gaussian model.
Among the five tumor patterns, solid and transitional-like
ones showed a broad distribution of stiffness values compared to
the other three patterns, ranging from 5 to 145 kPa for the solid
pattern and from 5 to 105 kPa for transitional-like tumors. Multi-
gaussian peak fit gave values centered at 23, 66 and 100 kPa for
solid tumor (23 kPa the prevalent one) and 10, 42 and 98 kPa (98
the weakest peak) for the transitional pattern, respectively.
Papillary and endometrioid-like architectures had almost the
same trend; in both groups the prevalent gaussian peaks were
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Figure 3. Frequency distribution with standard errors of Young’s modulus in HGSOC patterns and stromal control. MP = micropapillary-like; EN =
endometrioid like; PA = papillary; TR = transitional-like; SD = solid; STR = stroma.

Table 3
Fit results for the Young’s modulus of the analyzed tumor patterns and the
healthy controls.

Peak position (kPa) FWHM? (kPa) Amplitude
+ st.dev.
Tumor pattern
Endometrioid-like 15.5 16.7 305
39.5 32.6 15+2
Micropapillary 1.8 19.2 44 +3
Papillary 19.2 38.9 21 +3
69.1 48.8 4+2
Solid 233 29.0 20+3
65.7 20.5 76
99.8 71.5 5+£2
Transitional-like 9.73 16.7 17+4
42.1 50.1 13+2
98.1 14.0 4+3
Healthy tissue
Stroma 26.1 31.0 62
77.7 69.0 4.7+0.7
151.8 16.6 4+1
218.8 6.7 5+4

# Full width at half maximum

centered around 17 kPa on average, but the range was slightly
broader in the first one (5-90 kPa) when compared to the latter
(0-70 kPa).

Micropapillary-like pattern instead, presented a very narrowed
distribution of Young’s moduli (range 0-20 kPa) with almost 40%
of the occurrences detected at 5 kPa; moreover, its gaussian peak
was centered at 2 kPa (single gaussian fit), rendering it by far the
softest among the tumor architectures analyzed.

Lastly, the peritoneal fibrous tissues used as healthy controls
were the hardest when compared to HGSOC specimens, displaying
also a remarkable broader range of distribution. Stiffness values were
comprised between 10 and 230 kPa while gaussian peaks were
placed at 26, 78, 152 and 219 kPa (multi-gaussian fit). The
quantitative analysis of the stiffness distribution for HGSOC patterns

and healthy tissues is represented as histograms in Figure 3 and the
exact fitting values are reported in Table 3.

AFM discriminates between HGSOC morphologies

In order to investigate on the ability of AFM to discriminate
between each single HGSOC pattern, ¢ test comparison was
performed. The mean elastic modulus, expressed in kPa, was 8.1
(= 0.4) for micropapillary-like HGSOC, 30.3 (= 1.2) for
endometrioid-like, 33.4 (x 1.7) for papillary, 39 (£ 2) for
transitional-like and 56.8 (x 2.7) for solid HGSOC. In healthy
peritoneal stroma the mean value was 85.3 (+ 6.2). Results of ¢
test comparison between each group did not show differences in
the mean elastic modulus between papillary and endometrioid
tumors (P = 0.4) and between papillary and transitional-like
tumors (P = 0.1). Nonetheless, a strong and significant
difference was found between Young's moduli for all the other
architectural patterns. Moreover, as expected, all tumor patterns
were significantly softer compared to the stromal controls
(Figure 4).

Stiffness is related to FIGO stage

Sample’s stiffness was compared with histological and
clinicopathological variables, using the mean Young’s modulus
of each sample. No significant associations were found between
the stiffness and the response to chemotherapy, optimal cytoreduc-
tion or the histological parameters. Nevertheless, a trend toward
worse outcome was seen in patients with softer tumors compared to
those with harder ones (P = 0.06) (Figure 5, D).

Patients with FIGO stage IIIC had a different and broader
distribution of Young’s moduli when compared to those at stage
IV. Multi-gaussian peak fit gave values centered at 15 and 47
kPa for the first group and 3 and 18 kPa for the second one
(Figure 5, A and B). Moreover, ¢ test comparison showed that
patients with stage IV disease had significantly softer tumors
compared to those at earlier stage (P = 0.03) (Figure 5, C).
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Figure 4. Boxplots of Young’s moduli for each architectural pattern and stromal control. MP = micropapillary-like; EN = endometrioid like; PA = papillary; TR =
transitional-like; SD = solid; STR = stroma.
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different FIGO stage (C). Stiffness-related overall survival (OS) represented as Kaplan—-Meier curves (D).

Discussion shown a particular histologic or molecular feature indicative of
patients’ prognosis.

Pathologists are aware that high grade serous ovarian cancer In the last years, a growing number of studies have shown that

presents a variety of growing patterns, often coexisting in the cancer tissues can be characterized also by their mechanical

same tumor sample. However, so far none of these patterns has proprieties using physical techniques such as the atomic force
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microscopy (AFM).'® The use of AFM for characterizing tissue
stiffness in clinical samples has successfully led to identification
of nanomechanical signatures associated with healthy, pre-
cancerous and cancerous conditions in different tissues,>"*>!
including ovaries.”

In our study, we have characterized nanomechanically five
different HGSOC morphological patterns and detected an
association between tumor stiffness and morphology. In
particular, HGSOCs presenting micropapillary-like morphology
were those with the lowest mean level of stiffness while those
with solid features had the highest stiffness values, closer to that
of healthy tissues.

The stiffness of living cancerous cells has been already linked
to their metastatic potential in different type of tumors® >
including ovarian ones.”® In the scientific community there’s a
general agreement in describing among cancer cells those with
lower stiffness having higher invasive potential when compared
to the stiffer ones. Accordingly, our results, obtained in a clinical
tissue context, pointed out that the micropapillary-like morphol-
ogy, could represent a particular aggressive entity in the
spectrum of HGSOCs since it has by far the lowest Young’s
modulus compared to all other architectures. Micropapillary
infiltrative pattern in peritoneal metastases has already been
associated with poor outcome in agreement with our findings.?’

Nonetheless, different or even opposite results have been
reported in literature about the relationship between tumor stiffness
and metastatic potential at the tissue level or at the single cell level.
Several authors have addressed that elasticity measurements on
tissue sections can rather be the results of both cancer and stromal
component contributions. In particular, the extracellular matrix
could be characterized by a broader distribution of stiffness values
compared to tumor epithelium.?* " In agreement to these results,
the distribution of Young’s moduli in our healthy peritoneal
controls, composed primarily of matrix fibers, was notably broader
than HGSOC specimens. To this regard, to minimize the effect of
the stromal component in cancer samples assessment, we used
tissue microarrays of pre-selected tumor-enriched regions; more-
over, indentation measurements were performed only on tumor
epithelial components avoiding further potential confounding
factors such as the necrotic areas.”'

In agreement with Plodinec et al on breast cancer models,*® our
results also highlighted that patients with stage III disease had
significantly stiffer tumors in comparison to those at stage IV,
suggesting a general tendency of all HGSOC:s patterns to decrease
their stiffness during disease progression and increase their
invasive capacity. In addition, although we couldn’t perform a
log rank test analysis stratified by HGSOC patterns due to limited
number of samples, we found a borderline association between the
mean levels of stiffness and patients’ overall survival (P = 0.06).

In our study, the biomechanical proprieties of HGSOC
architectural patterns have been assessed in FFPE debulking
material as normally processed in the surgical pathology unit.
Limited data are reported in literature on the effect of fixatives,
and in particular formalin, on AFM indentation measurements.
However, most studies reporting experimental data on aldehyde-
based fixatives, usually paraformaldehyde and glutaraldehyde,
have shown an evident increase in stiffness in fixed tissues
compared to fresh or frozen ones.>*** This is an expected result,

given the crosslinking effect of aldehyde-based fixation. In
particular, Nurgazizov and colleagues, comparing the effect of
both formalin and glutaraldehyde on the stiffness of rat
erythrocytes, have shown that the increase in Young’s modulus
was lower in formalin than in glutaraldehyde fixation with
respect to the fresh cell control.* In addition, Codan et al
showed that stiffness ratios between healthy and cancer cells
were maintained also after fixation and that the relation can be
described by means of a coefficient. 3 Our study is monocentric;
therefore, all the specimens were collected in the same cancer
Institute and were all fixed in formalin according to the hospital
standardized procedures. Consequently, we are confident in
hypothesizing that the intra-samples stiffness relationship was
maintained after the fixation procedure.

We acknowledge as a limitation of our study the small sample
size and the lack of fresh or frozen tissues for matched samples
comparison. Furthermore, we assessed tissues stiffness in
samples with pure morphological patterns, but different
HGSOC patterns often coexist in the same specimen. Therefore,
in samples having multiple architectures further analyses are
needed in order to verify if different biomechanical profiles can
be discriminated and can help in the diagnostic process.

In conclusion, our study has shown that the use of AFM
analysis can be an additional tool in HGSOC diagnosis since the
biomechanical proprieties of these type of tumors and conse-
quently their metastatic potential can be strictly related to their
architectural patterns and tumor staging. Furthermore, our results
have shown that the possible acquisition of tumor stiffness in
clinical cancer samples could be an additional variable to help
patients’ prognostication.
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