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Using Raman microscopy, we investigated epithelial cervical cells collected from 96 women with squamous cell
carcinoma (SCC) or belonging to groups I, lla, IlID-1 and IlID-2 according to Munich Il classification (IlID-1 and
IIID-2 corresponding to Bethesda LSIL and HSIL groups, respectively). All women were tested for human
papillomavirus (HPV) infection using PCR. Subcellular resolution of Raman microscopy enabled to understand
phenotypic differences in a heterogeneous population of cervical cells in the following groups: I/HPV-, lla/HPV-,
lla/HPV-, LSIL/HPV-, LSIL/HPV+, HSIL/HPV-, HSIL/HPV+ and cancer cells (SCC/HPV+). We showed for the first
time that the glycogen content in the cytoplasm decreased with the nucleus size of cervical cells in all studied
groups apart from the cancer group. For the subpopulation of large-nucleus cells HPV infection resulted in
considerable glycogen depletion compared to HPV negative cells in lla, LSIL (for both statistical significance, ca.
45%) and HSIL (trend, 37%) groups. We hypothesize that accelerated glycogenolysis in large-nucleus cells may be
associated with the increased protein metabolism for HPV positive cells. Our work underlines unique capabilities of

Raman microscopy in single cell studies and demonstrate potential of Raman-based methods in HPV diagnostics.

human papillomavirus glycogen cervical cancer cervical dysplasia Raman microscopy

glycogenolysis

1. Subcellular Distribution of Glycogen in Cervical Epithelial
Cells

Raman imaging was used to analyze human epithelial cervical cells obtained from 96 patients classified to eight
groups according to Munich Il system [ and HPV tests: I/HPV™, lla/HPV™, lla/HPV*, LSIL/HPV™, LSIL/HPV®,
HSIL/HPV~, HSIL/HPV™" and cancer cells — squamous cell carcinoma (SCC/HPV*; for number of patients see Table
S1). The cluster analysis (CA, a statistical method enabling to classify spectra according to a chemical
composition) was used to determine distribution of main subcellular structures. As the representative
microphotographs (Figure 1A,C) and, in particular CA images (Figure 1B,D) show, the size of cell nuclei in
epithelial cells varies significantly spanning the range of 4.5-15.8 um (the class denoted in blue in Figure 1B,D, the

marker Raman band due to the symmetric phosphodiester stretching vibration at 785 cm™2, Figure 1E).
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Figure 1. Glycogen-rich cytoplasm and stores in cervical epithelial cells. Microphotographs of representative cells
((A): la/HPV~; (C): lla/HPV™) with a cell nucleus of diameter smaller and bigger than 10 um, respectively, and CA
images (B,D) showing distribution of cell nuclei (blue class) and glycogen/lipid-rich stores (maroon class) in the
cytoplasm (orange class). The average Raman spectra of cell nuclei, cytoplasm and glycogen/lipid stores (E)
averaged over all measured cells from all groups (in total 560 cells) along with the spectrum of the glycogen
standard.

Cytoplasm (denoted in orange) is rich in glycogen (Figure 1B,D) as the averaged spectrum clearly demonstrates
due to presence of characteristic marker bands at 486, 577, 860, 941, 1083, 1129, 1335 and 1382 cm™ (Figure
1E). Additionally, structures of changeable size and number spread in whole cytoplasm containing lipids (exhibiting
characteristic bands due to lipids at 1307 and 1445 cm™) and glycogen can be separated (denoted in maroon,
Figure 1B,D). Glycogen plays an important role in early metastasis 2, fuels glycolysis in cancer cells & and it is
known that its content decreases due to carcinogenesis 8. Therefore, based on Raman microscopy and statistical
methods, we evaluated the glycogen level in epithelial cells in all studied groups to determine how it is related to

the nucleus size, cervical precancerous changes, and HPV infection.

2. Glycogen Content Decreases with the Increase of Nuclei
Size of Cervical Epithelial Cells in |, lla, LSIL and HSIL
Groups, but Not the Cancer Group

In neoplastic cells, the diameter of nuclei is bigger than in healthy cells ¥. This phenomenon is used in
pathomorphology to assess pathological changes in cells, including cervical cancer . Subcellular resolution of
Raman microscopy and the chemical characteristics of cell components enabled to separate cells differing by the
size of nuclei. The chemical composition of nuclei for cells with nuclei of large and small diameter (defined
arbitrarily as d = 10 um and < 10 um, respectively) is, however, uniform independently on the group considered
(Figure S1). It is in line with the finding that regardless of its size, the amount of chromatin in the nuclei of cervical
epithelial cells is similar &,

Nevertheless, the glycogen content (evaluated as the integral intensity of the characteristic band at 486 cm™ both

due to glycogen dispersed in the cytoplasm and glycogen in the form of glycogen-lipid-rich stores) occurs to be
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significantly decreased in cells with large cell nuclei in I/HPV~, lla/HPV* and LSIL/HPV* (Figure 2). Additionally, in
groups lla/HPV™ and both HSIL groups there is a clear tendency to a reduced amount of glycogen in cells with
large nuclei, although this relationship is not statistically significant, for HSIL groups quite obviously due to limited
number of cells with the large cell nuclei. For the cancer groups the glycogen content is not related with the size of
the nucleus.
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Figure 2. Glycogen content in epithelial cervical cells depending on the nucleus size. The analysis of the glycogen
content in the cytoplasm of cervical epithelial cells with cell nuclei of a diameter <10 pum (burgundy color) and =10
um (violet color) based on the integral intensity of the glycogen marker band at 486 cm™l. Graphs present
individual groups of cells: I/HPV~, lla/HPV~, lla/HPV*, LSIL/HPV~, LSIL/HPV®*, HSIL/HPV~, HSIL/HPV* and
SCC/HPV®. Mean values + SEM are given as box plots: mean (horizontal line), SEM (box), SD (whiskers). * p <
0.05, *** p < 0.001.

A decreased level of glycogen in cervical cells is usually attributed to increased glycogenolysis 8. Our results show
that for cervical cells, particularly with cell nuclei of large diameter, show glycogen depletion that may be related

with accelerated glycogenolysis. Moreover, the presence of HPV infection additionally influences the glycogen
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metabolism as the differences between the glycogen levels in cells with large and small-diameter cell nuclei are
bigger in HPV* groups compared to HPV~ (the decrease in the glycogen level for cells with nuclei d > 10 compared
to d < 10 um equals for lla/HPV~ vs. lla/HPV*: 24% vs. 60%; LSIL/HPV~ vs. LSIL/HPV*: 5% vs. 60% and
HSIL/HPV™ vs. HSIL/HPV*: 35% vs. 41%).

Patients classified as group lla usually present as both cytologically and histologically negative. Interestingly, the
presence of large-diameter nucleus cells of modified glycogen metabolism in the Ila/HPV* group suggests that
pathological changes already may occur in cells in this group, which until now were considered dysplasia-free,
although this hypothesis undoubtedly requires further studies. To investigate in more detail how a glycogen level is
influenced by the dysplasia progress and HPV presence, the statistical analysis of the cytoplasm glycogen content
in cells from all groups was performed without separation for cells according to the nucleus size (Figure S2 and
S3). Interestingly, our results show that if the large-diameter (that are less numerous in population of a given group)
cell nuclei are not excluded, the cells in various groups behave as previously reported, i.e., the glycogen content is
decreased in cancer cells B and increased glycogen metabolism in HPV* vs. HPV~ cells cannot be observed. It
underlines importance of the single cells approach and subcellular resolution of Raman microscopy used in this
work.

3. HPV Accelerates Glycogen Metabolism in Cervical
Epithelial Cells

The results of the statistical analysis of the glycogen level (Kruskal-Wallis test, U'Mann—Whitney test) in all studied
cells are presented in Figure 3 (also in Table S2).
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Figure 3. Glycogen content in the cytoplasm of cervical epithelial cells depending on HPV presence. The
comparison of the glycogen content in the cytoplasm of cervical epithelial cells in studied groups: I/HPV™ (bright
green), lla/HPV~ (dark green), lla/HPV* (dark green), LSIL/HPV~ (orange), LSIL/HPV* (orange), HSIL/HPV~ (pink),
HSIL/HPV* (pink), SCC/HPV* (red) obtained by calculations of the integral intensity of the band at 486 cm™ for
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cells with the nuclei of a diameter <10 um (A) and =10 pum (B). Mean values + SEM are given as box plots: mean
(horizontal line), SEM (box), SD (whiskers). * p < 0.05, *** p < 0.001 (only key significances, described in the text,

were presented).

As we have clearly identified small-diameter nuclei cells as metabolically different that the large-diameter nuclei
cells, we compared separately these two groups of cells. For cells with small nuclei (Figure 3A) for I/HPV™,
lla/HPV~, lla/HPV™, LSIL/HPV~, and HSIL/HPV™ there are no statistically significant differences between the level
of glycogen in the cytoplasm. The LSIL/HPV* shows a difficult to rationalize increase in the glycogen level.
Contrarily, the cells of patients with the cervical cancer have accelerated glycogen metabolism compared to all the
above-mentioned groups, what agrees with previous findings showing that glycogenolysis is increased in cancer
cells [, This effect is also observed by us for the for HSIL/HPV* group confirming their phenotypic similarity to
SCC/HPV® cells.

In the case of cells possessing large-diameter cell nuclei (Figure 3B) the results are strikingly different. The level of
glycogen in the cytoplasm of large-nucleus cells in HPV™ groups I, lla, LSIL and HSIL is similar. However, the
results clearly show a decrease of the glycogen content for cells infected with HPV that is statistically significant for
lla and LSIL groups and shows a trend for the HSIL group. Reduction in the glycogen level equals to 45% for
lla/HPV* vs. lla/HPV™, 46% for LSIL/HPV™" vs. LSIL/HPV™ and 37% for HSIL HPV* vs. HSIL/HPV~, respectively.

Moreover, these changes of the glycogen content are not dependent on age (Figure S4).

For the SCC/HPV* group the average glycogen content does not significantly differ from most of the groups (Figure
3B). In combination with the data in Figure 3A, showing the lowest glycogen level for the SCC/HPV™* group, these
results underline the importance of separate analysis of the cells with large and small cell nuclei. The key
observation of this study is a very significant glycogen depletion in these large-nucleus cells in HPV* groups

compared with the respective HPV™ groups (results summarized in Figure 4).
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Figure 4. Summary of obtained key results.

Previously Curtis et al. & reported a considerable decrease in the glycogen level (the mobilization of glycogen
stores) in late metastatic cells compared to early ones. The additional energy obtained in cancer cells is necessary
to begin high-energy tasks such as migration, invasion, and further metastasis. It is hypothesized that the process
of glycogen mobilization and possible increased glycolysis is used by large-nucleus HPV* cells for increased
protein synthesis . We also conclude that the factors causing expanding of a cell nucleus considerably change
also cellular carbohydrate metabolism and that it may be related with neoplastic transformation. This interesting
phenomenological observation has to be studied in the future to understand a genetic background of this
phenomenon. To confirm results obtained by Raman microscopy, the gold standard, i.e., PAS staining of the cells

was performed (Figure 5).
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Figure 5. Glycogen content in the cytoplasm of cervical epithelial cells evaluated using a PAS staining method. An
illustrative photograph of a sample of cervical epithelial cells stained by PAS (A). The analysis of the glycogen
content (B) in the cytoplasm of cervical epithelial cells according to the division of patients into groups | (bright
green), lla (dark green), LSIL (orange), HSIL (pink) and SCC (red). Glycogen content was determined by optical
evaluation in a light microscope after PAS staining by calculations of the average percentage of stained cells
among all cells stained in individual groups. Each point on the graph corresponds to the average result for one
patient (B). Values were given as mean + SEM and were shown in box plots: mean (horizontal line), SEM (box),

minimal and maximal values (whiskers). * p < 0.05, ** p < 0.01.

The cells were divided into five groups, i.e., I, lla, LSIL, HSIL and SCC (for number of patients see Table S3). The
additional separation due to the diameter of the cell nucleus was not possible due to the characteristics of PAS
method (nuclear diameters could not be exactly determined). As Figure 5 shows, the average percentage of cells
that were successfully stained with PAS is similar in groups |, lla and LSIL, but significantly decreases with the
progression of pathological changes, i.e., for HSIL and SCC groups. The results of PAS staining confirm the
findings of spectroscopic measurements (Figure S3 for direct comparison) validating the proposed Raman-based

approach.
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Our results show that a Raman-based methodology may be potentially used for fast HPV testing due to the
decreased level of glycogen in the cytoplasm in HPV* cells compared to HPV™ cells for a given group. Therefore,
to preliminary evaluate possibilities of the Raman-based approach, the fiber probe Raman setup, applicable for
application in healthcare facilities, was used to measure in a fast manner the glycogen content in a pellet of
cervical cells showing that good quality Raman spectra of cervical cells can be obtained (Figure S5). Further large

data study is necessary to confirm if infection of HPV is detectable using such an approach.

| 4. Conclusions

In this study, we assessed differences in the cytoplasm glycogen level of cervical epithelial cells, collected from 96
women, depending on the presence of HPV infection, dysplastic changes and nucleus diameter using Raman
microscopy and chemometric data analysis. The applied methodology appeared to be crucial to account for a
considerable heterogeneity of cells in studied groups (I/HPV~, lla/HPV~, lla/HPV*, LSIL/HPV~, LSIL/HPV*,
HSIL/HPV~, HSIL/HPV* and SCC/HPV?*). In particular, due to the subcellular resolution of Raman imaging, we
were able to separate a subgroup of cervical cells with large (over 10 um) diameter of nuclei, showing unexpected

chemical and metabolic characteristics.

As our results demonstrate, in cervical cells glycogen is both dissolved in cytoplasm and aggregated with lipids in
the form of glycogen-lipid-rich granules. For cells with small-diameter nuclei, the global level of glycogen in the
cytoplasm is similar for considered groups apart from the SCC/HPV™ group that is characterized by a decrease in
the glycogen content in agreement with previous studies [® and HSIL/HPV* group that is phenotypically similar to
SCC/HPV™. Additionally, somewhat difficult to rationalize is an increase in the LSIL/HPV* level. Importantly, there
are no differences between the glycogen content for small-diameter cells in the HPV* and HPV™ respective groups.
Contrarily, for the subpopulation of large-nucleus cells, the cytoplasm glycogen level is significantly reduced of
about 37-46% for HPV* cells compared to HPV™ cells. It shows that for this subpopulation of cells, glycogen
metabolism accelerates with HPV infection. The considerable depletion of the glycogen level in HPV infected cells
may be associated with molecular pathways related with HPV E6 and E7 proteins @19 and increased energetic
needs in the HPV infected cells for protein synthesis and virus replication. The mobilization of glycogen stores, i.e.,
increased glycogenolysis in late compared to early metastatic cells was previously attributed in ovarian cancer cells
to their increased capabilities for migration and invasion 1. Understanding of molecular basis of accelerated
glycogenolysis in HPV infected cervical cells requires further research to shed light on mechanism of HPV-induced

carcinogenic transformation.

Last, but not least, lack of reagents and speed of Raman spectroscopy could be advantageous in HPV diagnostics
compared to the DNA-HPV method. Raman spectroscopy may be in future a base for a simple, automatized test
for HPV; however, it certainly requires further testing on a bigger cohort of patients and improvement of the

methodology.
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