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Abstract

Mitochondrial organization is often altered to accommodate cellular bioenergetic and biosynthetic
demands. Changes in metabolism are a hallmark of a number of diseases, including cancer;
however, the interdependence between mitochondrial metabolic function and organization is not
well understood. Here, we present a noninvasive, automated and quantitative method to assess
mitochondrial organization in three-dimensional (3D) tissues using exclusively endogenous two-
photon excited fluorescence (TPEF) and show that mitochondrial organization reflects alterations
in metabolic activities. Specifically, we examine the organization of mitochondria within live,
engineered epithelial tissue equivalents that mimic normal and precancerous human squamous
epithelial tissues. We identify unique patterns of mitochondrial organization in the different tissue
models we examine, and we attribute these to differences in the metabolic profiles of these tissues.
We find that mitochondria are clustered in tissues with high levels of glycolysis and are more
highly networked in tissues where oxidative phosphorylation is more dominant. The most highly
networked organization is observed within cells with high levels of glutamine consumption.
Furthermore, we demonstrate that mitochondrial organization provides complementary
information to traditional morphological hallmarks of cancer development, including variations in
nuclear size. Finally, we present evidence that this automated quantitative analysis of endogenous
TPEF images can identify differences in the mitochondrial organization of freshly excised normal
and pre-cancerous human cervical tissue specimens. Thus, this method could be a promising new
modality to assess the role of mitochondrial organization in the metabolic activity of 3D tissues
and could be further developed to serve as an early cancer clinical diagnostic biomarker.
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Mitochondria are key energy producing organelles, which are involved in processes leading
to the production of important biosynthetic substrates and signaling molecules. In addition,
mitochondria play an important role in the integration of death signals during apoptosis.!
Therefore, alterations in mitochondrial function are implicated in the development of
numerous diseases, with the Warburg effect during cancer development as a prominent
example.? In fact, fundamental differences in metabolic preferences between healthy and
cancerous tissues have been observed, leading to the recognition that metabolic alterations
are important cancer hallmarks (as reviewed in Refs. 3 and 4). These metabolic
modifications confer advantages to cancer cells by activating pathways that support cell
proliferation and promote survival and often engage mitochondria.2*

Changes in mitochondrial function have been associated with changes in mitochondrial
structure and organization.>~’ Mitochondria are typically organized as tubular networks that
have the ability to change dynamically through fusion and fission.”:8 The factors that affect
mitochondrial organization and their impact on cell function are diverse and not thoroughly
understood. However, studies performed with cancer and stem cells have indicated the
formation of more extensive mitochondrial networks when oxidative phosphorylation levels
increase relative to glycolysis, as a result of substrate changes or during differentiation.9-14
To date, the majority of studies examining mitochondrial morphology employ electron
microscopy or mitochondria-specific fluorescent dyes.9-12.15.16 These methods can give rise
to artifacts, are not well suited for measurements in three-dimensional (3D) tissues and
cannot be translated to a clinical setting. Furthermore, most analytical approaches to assess
mitochondrial organization rely on qualitative visual inspection or manual tracing of
mitochondrial networks.>:6:9.10.15,16

To overcome these limitations, we considered the automated analysis of endogenous two-
photon excited fluorescence (TPEF) images as a means to quantify depth-resolved
mitochondrial organization in 3D tissue specimens. We have previously used such images to
assess the redox state of epithelial tissues, relying on the natural fluorescence detected from
two coenzymes, nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FAD).1” NADH fluorescence images are sensitive predominantly to the bound NADH form
residing within mitochondria.1819 In fact, the organization of the bright autofluorescent
features in NADH images is correlated with the organization of traditional mitochondrial
dyes.20 Thus NADH autofluorescence is essentially localized within mitochondria, while
prominent dark features in these images are formed by cell borders and nuclei that have little
or no mitochondria. Therefore, these images contain morphological information regarding
key organelles (nuclei and mitochondria) that serve important cellular functions, and it may
be valuable to consider their combined use as diagnostic biomarkers.

Here, we demonstrate that it is possible to identify differences in the mitochondrial
organization of 3D normal and precancerous tissues using noninvasive imaging that relies on
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endogenous NADH fluorescence and an analysis method that is fully automated and
quantitative. Specifically, we characterize mitochondrial features by identifying the intrinsic
NADH TPEF signal and using a digital object cloning and Fourier-based analysis approach
that provides a quantitative measure of mitochondrial clustering. We detect significant
differences in mitochondrial clustering between normal and precancerous engineered
epithelial tissue equivalents (EETES) and we observe similar differences in freshly excised
human cervical epithelial specimens. We attribute these differences to changes in the relative
levels of glycolysis and oxidative phosphorylation, with higher levels of glycolysis yielding
more clustered mitochondria. Interestingly, cells fueling oxidative phosphorylation via
enhanced glutamine consumption appear to have the least clustered (7.e., most highly
networked) mitochondria. Thus, we illustrate how this approach may enable studies that
examine the interdependence of mitochondrial function and organization. These studies in
turn will be important for the diagnosis and treatment monitoring of not only cancer, but also
potentially a number of metabolic diseases.

Material and Methods

Engineered epithelial tissue equivalents

To model normal and precancerous epithelial tissues we constructed EETES based on
previously established protocols?! using five different types of epithelial cells: primary
human foreskin keratinocytes serving as normal controls (C HFKSs), HFKs with stable
expression of HPV16 E7, HPV16 E6 and HPV16 E6/E7 and HPV 16 immortalized HKc/DR
cells. Further details are provided in Supporting Information Methods.

Glucose and oxygen starvation studies

HFKs were cultured on 50 mm glass bottom dishes (Mattek) until reaching confluence. Cell
cultures were imaged after exposure for at least 2—4 hr to: (/) commercially available KSFM,
(7)) media prepared in-house with the same glucose and glutamine concentrations as KSFM
(Low Glu), or (/i) media prepared in-house with the same glutamine concentration as
KSFM, but with no glucose (No Glu; See Supporting Information methods for detailed
composition). In addition, images were acquired from cells during the first 30 min of
exposure to KSFM media that had been nitrogen bubbled for 6 hr and contained very low
concentrations of O».

Data were acquired from at least two different dishes and several fields from each group for
a total of 40, 19 and 20 fields for the KSFM, Low Glu and No Glu groups, respectively. For
the low-O5 experiment, 31 and 35 fields were imaged from the KSFM and low-O, groups,
respectively.

Cervical specimens

All human tissue investigations were approved by the Institutional Review Board of Tufts
Medical Center and Tufts University and informed consent was obtained from each subject.
Four normal ectocervical specimens were obtained from the discarded cervical tissue
acquired immediately following hysterectomy of four patients with no known cervical tissue
abnormalities. Abnormal cervical specimens were excised from the transformation zone of
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the uterine cervix of four patients undergoing colposcopy before a loop electrosurgical
excision procedure. Upon tissue excision, each specimen was placed in Ringer’s solution
and imaged within two hours. One to four regions of each specimen were imaged yielding a
total of 11 and 12 stacks from the normal and CIN specimens, respectively. Histology was
performed following imaging and an experienced pathologist (M. G-M) classified two
abnormal specimens as cervical intraepithelial neoplasia (CIN) 1, one as focal CIN 2, and
one as CIN 2 of the surface epithelium.

TPEF data acquisition

TPEF images were acquired on a Leica TCS SP2 confocal microscope (Wetzlar, Germany)
equipped with a Ti:sapphire laser (Spectra Physics, Mountain View, CA). Samples were
placed on glass coverslips, excited with 755, 800 and 860 nm light and imaged using a 63x,
1.2 NA water immersion objective. The microscope was equipped with a microincubation
system that kept samples in a humid chamber maintained at 37°C and 5% CO, (Okolabs,
Ottaviano, Italy). TPEF images were acquired using emitter bandpass filters centered at 460
and 525 nm. Image stacks from one to four regions from 43 independent EETE tissues
("c_nrk = 10, Mke/pR = 4, Mees_HFk = 10, Mee7_Hrk = 6 and Meeee7_Hrk = 13) were
acquired. TPEF 3D images were rendered in ImageJ (v10.2) and OsiriX (v3.0.2).

Mitochondrial feature isolation in EETEs and cervical tissues

To assess mitochondrial organization, we analyzed endogenous TPEF images acquired at
755 nm excitation and 460 nm emission dominated by mitochondrial bound NADH
autofluorescence. A series of image preprocessing steps was necessary to remove keratin-
associated fluorescence and prominent image features associated with the nonfluorescent
nuclear and extracellular features?? (Supporting Information Methods and Supporting
Information Fig. S1). Thus, the processed images contained intensity fluctuation patterns
that primarily reflect mitochondrial morphology. To acquire quantitative information
regarding the organizational characteristics of these features, we performed a two-
dimensional (2D) Fourier transform. This standard mathematical operation describes, in this
case, the relative prevalence of intensity fluctuations at different characteristic spatial
frequencies. As spatial frequency, k; is inversely proportional to length scale, the squared
amplitude of the Fourier transform of an image, referred to as the power spectral density
(PSD) or R(K), is a metric that can be used to quantify the occurrence of morphological
features of different length scales within the image. The morphology of biological cells and
tissue often exhibits PSDs with an inverse power law dependence on spatial frequency [/.e,
R (K)  kB]. Increasing values of the power law exponent, B, correlate with an increased
degree of clustering in the image features?2 (Supporting Information Fig. S1¢). Thus, to
assess clustering, we fit to the PSD an inverse power law equation of the form R (k) = AkP.
The power law exponent, 3, was computed for each mitochondrial image and referred to as
the level of mitochondrial clustering.

Quantification of tissue organization in autofluorescence images

To assess depth-dependent changes in TPEF image features with sizes on the order of
individual cells and cell nuclei, we also used a Fourier-based analysis approach, which has
been described previously?3 and is detailed in Supporting Information Methods. This
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method relies on the fact that nuclei and extracellular spaces that lack mitochondria appear
dark in NADH TPEF images that have not been pre-processed. Because the size of
individual cells and nuclei have characteristic length scales, their presence has a significant
effect on the PSD magnitude of the images at the spatial frequencies corresponding to those
length scales. Therefore, features with sizes in the 8-12 um range, attributed primarily to
cell nuclei, affect the magnitude of the PSD in the 0.125-0.083 pm~1 range. If the size and
prevalence of features in this frequency range does not change as a function of depth within
an epithelial tissue, we expect that the magnitude of the PSD values will remain fairly
constant and the variation of the PSD signal will be small (Supporting Information Fig. S14).
If the size and prevalence of such morphological features (/.e., cell nuclei) changes as a
function of depth, the magnitude of the PSD within the corresponding spatial frequency
range will change accordingly (Supporting Information Fig. S14). Thus, we averaged PSD
values within the spatial frequency range corresponding to nuclear sizes and then computed
the variance of these average PSD values from the image slices at each depth. This metric of
PSD variation within each EETE stack that we imaged provided an estimate of nucleus-to-
cytoplasm ratio variation as a function of depth.

To assess the significance of the differences in either  or the normalized PSD variation
between the five EETE groups, an ANOVA was performed with post-hoc Tukey Honestly
Significant Different tests in Jmp 8 SAS (Cary, NC). For each ANOVA, a nested design
considered multiple regions from individual samples nested within each tissue group.

Distinct depth-dependent variations in morphological and differentiation features are
detected in endogenous TPEF images of normal and precancerous epithelia

We have employed five different types of EETES to model normal squamous epithelia and
pre-cancerous epithelial lesions. EETES corresponding to normal, fully differentiated
squamous epithelia were generated from primary HFKs (C HFKSs) seeded on top of a
fibroblast containing collagen matrix (Fig. 1). EETESs were also constructed using HFKs that
are immortalized following expression of the full-length “high-risk” human papillomavirus
type 16 (HPV16) genome (HKc/DR cells) (Fig. 1). HKc/DR EETEs are considered good /n
vitro models for high-grade premalignant squamous intraepithelial lesions, since these cells
show an mRNA expression profile that is similar to that of HPV16 positive cervical lesions
and cancers.24 We also examined EETES consisting of HFKs expressing HP\V/16 E6 and/or
E7. It is well established that E6 and E7 inhibit the p53 and retinoblastoma (pRB) tumor
suppressor pathways, respectively, that can affect cell apoptosis, differentiation and
proliferation.2> Since expression of viral proteins, such as E6 and E7, cause cancer by
interfering with cellular pathways that are also often perturbed as a result of carcinogenic
genomic variations,28 the HP\/16 E6 and/or E7 expressing HFK EETES may serve as useful
models for a broad range of cancers.

The intrinsic fluorescence excited at 755 nm and detected from these epithelial tissues in the
460 nm region is dominated by mitochondrial bound NADH autofluorescence and reveals
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substantial differences in tissue organization and morphology between the different EETES
(Figs. 1aand 16 and Supporting Information Fig. S2). For C HFK EETEs, a gradient of
morphological changes is observed from the basal to the superficial layers, as demonstrated
by a gradually decreasing nuclear to cytoplasmic ratio, increased cell size (Fig. 18) and a
high level of keratin fluorescence in the topmost, cornified layer (Figs. 16and 1¢). Co-
staining of DAPI and PCNA localized to the basal layer confirms that, as expected,
proliferation is confined to the basal layer in C HFK EETEs (Supporting Information Fig.
S24d). Generally, 16E6 HFK EETES exhibit similar, but overall less pronounced
morphological changes with respect to depth compared with the C HFK EETEs (Supporting
Information Fig. S2). This is consistent with the corresponding transverse histological cross
sections and PCNA staining that remains primarily confined to the basal layer (Supporting
Information Fig. S2cand S24). In contrast, 16E7 and 16E6E7 HFK EETEs consist of
irregularly shaped and arranged cells throughout the depth of the epithelium (Fig. 1aand
Supporting Information Fig. S2). Despite an absence of clear morphological changes in cell
size and shape as a function of depth, these EETES maintain a cornified layer, as shown by
the high level of keratin fluorescence that is particularly prominent within the top-most
tissue layers (Fig. 16 and Supporting Information Fig. S2) and confirmed by hematoxylin
and eosin staining (Fig. 1cand Supporting Information Fig. S2). Furthermore, 16E7 and
16E6E7 HFK EETEsS stain positive for PCNA throughout the basal and parabasal epithelial
layers, indicating delocalized proliferation in differentiated layers of the epithelium
(Supporting Information Fig. S24d). In HKc/DR EETEs, low levels of cellular differentiation
(Fig. 14) are apparent along with proliferation in upper epithelial layers (Supporting
Information Fig. S24), as well as abnormal and spotty keratinization (Fig. 15). Rotating 3D-
renderings and optical section stacks of the intrinsic fluorescence images from representative
EETEs are included as Supporting Information videos and provide more detailed
representations of these features. The optical sections and 3D reconstructions demonstrate
that the EETEs we have examined provide a robust platform for assessing a range of
morphological and differentiation alterations that can potentially occur at the onset of
cancer. In addition, it is evident that these differences are readily observable within high-
resolution TPEF images that rely entirely on endogenous fluorescence contrast.

Mitochondrial clustering is altered in precancerous epithelial tissues

The features that dominate the variations we observe readily between tissues and/or as a
function of depth are mainly associated with the borders of cells and nuclei, which appear
dark. To characterize intensity fluctuations that are influenced primarily by the organization
of the mitochondria themselves, it is important to pre-process the images in order to remove
keratin fluorescence and the larger scale (low spatial frequency) intensity variations
associated with nuclear and cell features (Methods and Supporting Information Fig. S1).
Representative resulting images are shown in Figure 2aand Supporting Information Figure
S3 from different layers for each EETE group we examined. The characteristic intensity
fluctuations in these images are described by the PSD, R (K), as a function of spatial
frequency, k. We fit an equation of the form R (k) = Ak P to the PSD for a range of spatial
frequencies higher than 0.1 um™1 (corresponding to features that are smaller than 10 pm) to
extract the value of the parameter 3 (Supporting Information Fig. S1¢). Since the intensity
fluctuations in these images emanate to a great extent from mitochondrial bound NADH
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fluorescence, B describes the level of characteristic mitochondrial organization (/.e.,
clustering) and its value is shown for each one of the panels (Fig. 2a and Supporting
Information Fig. S3). The detailed depth-dependence of this clustering parameter exhibits
distinct patterns for the different types of EETES we examined (Fig. 25). Specifically,
EETEs constructed with C HFKSs exhibit a gradual increase in mitochondrial clustering from
the superficial to the basal layer (Fig. 25). Less variable clustering values, similar in
magnitude to those found in the basal layer of the C HFK EETES, are observed within
HKc/DR EETEs (Fig. 24). This trend results in a significant (o < 0.05) increase in the
overall mitochondrial clustering features observed in the HKc/DR EETEs compared with all
other EETEs (Fig. 2¢).

Expression of E6 or E7 within the cells of the 16E6 and/or 16E7 HFK EETEs resulted in
distinct patterns of mitochondrial organization. Specifically, similar to C HFK EETEs, 16E6
HFK EETEs exhibit a gradual increase in mitochondrial clustering from the superficial to
the basal layer (Fig. 26). The overall clustering is also similar in magnitude to that of C HFK
EETESs and significantly lower (o < 0.05) than that of HKc/DR EETES (Fig. 2¢). 16E7 HFK
EETEs and 16E6E7 HFK EETEs also have overall lower mitochondrial clustering than what
is observed for the HKc/DR EETES (p < 0.05; Fig. 2¢). Interestingly, the 16E7 and 16E6E7
HFK EETEs are characterized by the lowest overall levels of clustering (Fig. 2¢). Taken
together, these data demonstrate that mitochondrial clustering reveals depth-dependent and
overall differences not only between normal and precancerous tissues, but also among
different types of precancerous epithelia.

Changes in mitochondrial clustering reflect alterations in mitochondrial function

To investigate the mechanisms that may drive these distinct clustering alterations in
HKCc/DR, 16E7 and 16E6E7 HFK EETES we performed dynamic measurements over time
using 2D HFK cultures exposed to different media intended to enhance the levels of either
glutaminolysis or glycolysis (Fig. 3). When cells are forced to use glutamine as a carbon
source for energy production by depriving them of glucose and pyruvate, we detect a
significant decrease in the level of mitochondrial clustering (Figs. 3aand 34, p< 0.05).
When cells are forced to produce energy predominantly via glycolysis due to limited
availability of oxygen, levels of mitochondrial clustering increase significantly (Figs. 3aand
3¢, p<0.05). These results support the hypothesis that enhanced mitochondrial clustering in
HKc/DR EETEs represents enhanced levels of glycolysis, while the decreased levels of
clustering in 16E7 and 16E6E7 HFK EETESs may signal enhanced levels of glutamine
consumption.

Mitochondrial organization provides complementary information to cell and nuclear
morphological features

To examine further the potential utility of mitochondrial organization as a diagnostic
biomarker, we assessed its relationship with another parameter that is often used in early
cancer diagnosis, namely nuclear size variation or pleomorphism. The PSD variation over a
wide range of spatial frequencies (1-0.05 pm™~1) corresponding to features with
characteristic lengths of 1 to 20 um is shown for C HFK, 16E6 HFK, 16E7 HFK, 16E6E7
HFK and HKc/DR EETEs in Figure 4a. We find that PSD variation is significantly higher
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for the C HFK and 16E6 HFK EETEs compared with 16E7, 16E6E7 HFK and HKc/DR
EETEs. This is especially true in the 0.125-0.083 um™1 range corresponding to image
features ~8-12 pm in size, which is consistent with the size range of nuclei (Fig. 44, yellow
shaded area, Fig. 45, p< 0.05). The high PSD variation values indicate that the relative
prevalence of nuclei vary significantly as a function of depth in the C HFK and 16E6 HFK
EETEs compared to the other EETES. This difference is highly consistent with our
qualitative observations of the depth-dependent variations in nuclei and cell size in the
endogenous TPEF image stacks, which is high for the C HFK and 16E6 HFK EETEs and
relatively small for the 16E7, 16E6E7 HFK and the HKc/DR EETEs (Fig. 1, Supporting
Information Fig. S2 and Supporting Information videos).

Interestingly, differences in the PSD variation among different EETE types are not well
correlated with corresponding differences in mitochondrial clustering (Fig. 5). While
mitochondrial clustering exhibits greater differences between the EETES constructed with
HKc/DR and those constructed with 16 E6E7 and 16E7 HFKSs, PSD variation distinguishes
the C and 16E6 HFK EETESs from the remaining groups. These differences suggest that
mitochondrial clustering and nuclear pleomorphism (as assessed by PSD variation) may be
sensitive to different cellular and tissue features that can change at the onset of cancer
development and may serve as complementary cancer biomarkers.

Mitochondrial organization within human cervical tissues

To determine whether the mitochondrial organization biomarker we developed based on
analyses of EETES may be relevant to the characterization of human tissues, we performed a
proof-of-principle study on a small cohort of normal (7= 4) and pre-cancerous human
cervical tissue specimens (/7= 4) using image acquisition and analysis approaches that we
developed for the analysis of the EETEs (Fig. 6). Although EETESs recapitulate the basic
architecture of human ectocervical tissues, the cervical stroma extends intermittently toward
the surface of the epithelium such that basal cells may reside adjacent to invaginating
stromal tissue (Figs. 6aand 66 and Supporting Information videos). Thus, in the normal
ectocervix specimens, differentiation advances as a function of axial and lateral distance
from the dermal papillae. The epithelium of the CIN specimens lacks fully differentiated
superficial cells and contains round basal-like cells in the lower and middle tissue layers
(Figs. 6aand 66). Histological staining confirms these findings (Fig. 6¢). Despite the more
complex architecture of human tissue specimens compared with that of the EETES, depth-
dependent mitochondrial organization differences can be detected in endogenous TPEF
images when we apply the same algorithm developed for the analysis of the EETEs (Fig.
64). Similar to C HFK EETEs, mitochondria become increasingly clustered within the
normal cervical tissues as a function of depth from the surface, while the mitochondrial
clustering in the CIN specimens remains constant throughout the full thickness of the
epithelium. This is readily observed by the highly significant decrease in the range of
clustering, that is, simply the difference between the maximum and minimum clustering
values detected within the epithelium, between the CIN and normal tissues (p < 0.03, Fig.
6e).
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However, the more complex architecture of the human ectocervical tissue specimens in
combination with the complexity of arranging the tissue so that each optical section that is
acquired corresponds to a distinct cell layer of the epithelium, currently limits to some extent
the application of the approach we developed with EETES, where cells of uniform
differentiation and morphological features are present within each optical section. This was
particularly true for the assessment of nuclear pleomorphism through PSD variation, since
due to the papillar architecture of the tissue, many of the optical sections through the depth
of the normal epithelia contain cells representing basal, parabasal and in some cases even
superficial cell layers with a wide range of nuclear sizes. Thus, the magnitude of the PSD
does not change significantly as a function of depth and PSD variation is not significantly
higher for the normal than the CIN tissues. We are currently developing more sophisticated
algorithms that take into account the papillar architecture of the tissue and which may allow
assessment of nuclear pleomorphism in human tissues through PSD analysis.

Discussion

Changes in mitochondrial function play a significant role during normal tissue development
and are implicated in the establishment and progression of a number of diseases, including
cancer.1:3 As such, they are considered important diagnostic biomarkers. The factors that
affect mitochondrial function and their relationship with mitochondrial structure and
organization are not fully understood. However, several studies have suggested that changes
in mitochondrial structure and organization may be linked to alterations in bioenergetic
pathways that are observed during pathogenic processes, including cancer.%-16 Typically,
such mitochondrial morphological features are characterized using exogenous chromophores
and described with qualitative assessments of organization. This limits their use as
biomarkers, particularly in live, 3D specimens, where permeability of the tissue to a stain
and stain toxicity are potential problems. To overcome these limitations, we developed a
robust, noninvasive and quantitative method for assessing mitochondrial organization in live
normal and precancerous EETEs, as well as freshly excised human cervical tissue
specimens. Using only endogenous sources of fluorescence (namely NADH TPEF) and
automated analytical techniques, we show that distinct depth-resolved mitochondrial
organization patterns are detected in epithelial tissues upon the onset of precancerous
changes (Fig. 2). Importantly, these changes in mitochondrial organization reflect the
underlying metabolic pathway that is disturbed, with more clustered mitochondria
representing enhanced levels of glycolysis and less clustered (more highly networked)
mitochondria evolving in cells that rely more on glutamine for energy production (Fig. 3).
Finally, we demonstrate that the mitochondrial clustering patterns provide complementary
information relative to more traditional cellular and tissue morphological metrics used
routinely as histopathological biomarkers associated with nuclear and cell shape features

(Fig. 5).

A number of interesting patterns are observed in the depth-dependence and overall values of
mitochondrial clustering features of C HFK, 16E6 HFK, 16E7 HFK, 16E6E7 HFK and
HKc/DR EETEs that suggest some consistent relationships between mitochondrial
organization and metabolic function. For example, our results are consistent with the model
that the observed high levels of mitochondrial clustering are associated with increased levels
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of glycolysis. The most direct evidence for this hypothesis is provided by the increase in
mitochondrial clustering observed in HFK cultures exposed to media with no or minimal
oxygen (Fig. 3). In addition, we observe significantly increased mitochondrial clustering
throughout the depth of HKc/DR EETES compared with all other EETE types. This
increased level of mitochondrial clustering could be attributed to enhanced levels of
glycolysis that are expected to support the high biosynthetic demands imposed upon the pre-
cancerous cells within the HKc/DR EETEs. In fact, we have recently reported that HKc/DR
EETEs exhibit higher levels of glycolysis than all of the other EETE types we examined
using a standard biochemical assay that quantifies the amount of lactate produced relative to
the amount of consumed glucose.2” Furthermore, optical studies of the redox ratio of C HFK
and HKc/DR EETEs have also reported changes consistent with enhanced glycolytic activity
relative to oxidative phosphorylation in the HKc/DR EETEs.1727 Finally, others have
reported that cells undergoing glycolysis exhibit more clustered and vesicular mitochondrial
organization.®13.14 Thus, the increased mitochondrial clustering that we identify non-
invasively within the basal layers of C HFK EETEs and throughout the depth of the HKc/DR
EETEs may serve as a biomarker of increased glycolysis relative to oxidative
phosphorylation.

A shift to oxidative phosphorylation-based energy production along with the establishment
of more extensive mitochondrial networks has been observed within differentiated stem cells
and cardiomyocytes.10-11.16 This shift may explain the decreased mitochondrial clustering,
which indicates the presence of thinner, more elongated mitochondrial networks, in the well-
differentiated superficial layers of the C HFK EETEs (Figs. 1, 2gaand 26 and Supporting
Information Figs. S2 and S3). In addition, it is possible that this type of organization is more
optimally suited to support energy demands that are distributed more uniformly throughout
the cell.

The organization of mitochondria within 16E7 HFK and 16E6E7 HFK EETEs is
characterized by low clustering levels throughout the epithelium (Fig. 2 and Supporting
Information Fig. S3). These patterns may also be associated with enhanced rates of oxidative
phosphorylation relative to glycolysis. However, it is curious that clustering levels decrease
even further within the basal layers of these tissues, suggesting that additional metabolic
modifications may be involved. It has been shown that E7 expression catalyzes the formation
of the dimeric form of pyruvate kinase type M2,28 which prevents pyruvate from entering
the mitochondria, requiring the use of glutamine as a substrate for the Krebs cycle viaa
process typically referred to as glutaminolysis.2® Additionally, high levels of myc expression
can induce glutamine-addiction and have been observed in the presence of both HPV E6 and
E7 expression.30:31 Therefore, higher levels of glutamine consumption are expected in the
HPV16 E7 and HPV16 E6E7 expressing EETEs, which exhibit the lowest levels of
mitochondrial clustering. In addition, our studies with standard tissue culture cells provide
direct evidence that energy production through enhanced glutamine consumption results in
more highly networked mitochondria (Fig. 3). This hypothesis is also supported by our
recent mass spectrometry-based findings that HPV16 E7 and HPV16 E6E7 EETES have
significantly higher levels of glutamine consumption than all other EETE types we
examined.2” Taken together, these studies suggest that mitochondrial clustering may serve as
a sensitive biomarker for changes in the balance between glycolytic and oxidative
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phosphorylation-based energy production, and it may be further enhanced when the primary
carbon source for the latter switches from glucose (pyruvate) to glutamine. More detailed
studies will be needed to assess the sensitivity of mitochondrial clustering as a biomarker for
such specific metabolic changes.

Our initial examination of human cervical tissue specimens reveals promising results in
terms of the potential for using mitochondrial organization as a biomarker to detect
differences between normal and pre-cancerous lesions (Fig. 6). Specifically, we find that the
CIN specimens are characterized by elevated, depth-invariant mitochondrial clustering
levels, consistent with enhanced glycolytic energy production relative to oxidative
phosphorylation and a Warburg-like phenotype, as discussed above. In contrast, the normal
epithelium exhibits significant depth-dependent variations in organization, suggesting a
gradient in the balance between glycolysis and oxidative phosphorylation activity. While the
current experiments provide a proof-of-principle that this method may be used for
assessment of clinical specimens, a significantly larger number of clinical specimens that
represent the full spectrum of changes associated with HPV-associated precancerous cervical
lesions will need to be analyzed in the future. We anticipate that algorithm modifications
that take into account the more complex architecture of tissue due to the presence of papillae
will be necessary to fully exploit the diagnostic capabilities of the approach developed in
this study. However, these promising preliminary results suggest that assessment of
mitochondrial organization may represent a clinically useful diagnostic biomarker,
especially with the advent of compact TPEF-capable endoscopes,32-34 and the use of TPEF
imaging clinically.3536 This is further supported by the complementary nature of the
information provided by mitochondrial organization and traditional cancer hallmarks
focusing on nuclear morphological features (Fig. 5).

It is interesting to note that E7 appears to be the major factor in the metabolic alterations as
well as the changes in nuclear morphology and mitochondrial organization that are detected
in HPV16 E6/E7 expressing EETESs. This is not entirely unexpected since, as previously
described, E7 can induce the Warburg effect?8 and drive genomic destabilization,3” which
presumably contribute to the metabolic alterations and nuclear changes observed in Figures
2 and 5, respectively. Our finding is also consistent with experiments using transgenic mouse
models that have shown that HPV16 E7 is a more potent oncogene in mucosal tissues than
E6.38:39 Nonetheless, E6 and E7 are uniformly found coexpressed in HPV-associated
cancers, and HPV positive cervical carcinoma cells are addicted to both E6 and E7
expression.4041

Mitochondrial clustering reported in this study as a biomarker of mitochondrial organization
is assessed automatically, in near real-time and without applying exogenous fluorescent
probes or contrast agents. The intrinsic high-resolution 3D imaging capabilities of TPEF
enables us to extract mitochondrial clustering information in 3D specimens dynamically, in
an unperturbed state. Therefore, this approach is applicable to /n vitro, ex vivoand in vivo
specimens. The weak NADH-based TPEF signal compared to exogenous chromophores, and
the need for high resolution imaging using visible-NIR light, limits use of this approach to
tissue characterization within the upper 200-300 um tissue layers, which should be sufficient
for many epithelial cancers. The differences that we detect in C HFK, 16E6 and/or 16E7
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HFK and HKc/DR EETESs suggest that mitochondrial clustering is sensitive to subtle
changes in the relative utilization of major metabolic pathways, such as glycolysis, oxidative
phosphorylation and potentially glutaminolysis. Therefore, this study establishes the
presence of a relationship between mitochondrial function and organization in 3D tissues
and provides a platform to examine these relationships in more detail in the context of the
diagnosis or treatment monitoring of cancer.
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What’s new?

Mitochondrial organization is based on dynamic tubular networks and is related to
mitochondrial function, such that functional changes that occur at the onset of cancer
may be reflected in mitochondrial organization. This concept has not been rigorously
tested, however, especially in three-dimensional tissues. Here, automated analysis of
endogenous two-photon excited fluorescence (TPEF) images was used to quantify
mitochondrial organization in three-dimensional specimens, revealing differences
between normal and pre-cancerous tissues. The differences were associated with changes
in major bioenergetic pathways. The findings suggest that mitochondrial organization
may serve as a useful noninvasive diagnostic biomarker for early cancer.
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C HFK 16 E7 HKc/DR

Figurel.
(a) Representative endogenous TPEF images from distinct depths of CHFK, 16E7 HFK and

HKc/DR EETEs. NADH TPEF is pseudo-colored green, while keratin positive pixels are
shown in magenta. (4) Corresponding 3D projections of optical stacks. (¢) Corresponding
histological sections following hematoxylin and eosin staining. Scale bars are 50 um. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Int J Cancer. Author manuscript; available in PMC 2016 April 20.


http://wileyonlinelibrary.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xylas et al. Page 17

(@)

weeHKC/DR w===16E7 «==C HFK
«~=16E6E7 ~——16E6

o
2
X +=0.9
L § S
I :
| O
30-7 =
i 5
&
1 <05
[$]
8
=
, 0.3
m 5
© c) 1
55 —
0.9
0.8

Mitochondrial Clustering (B)

HKc/DR

4.

Figure 2.
(@) Representative processed images containing predominantly mitochondrial organization

features from distinct epithelial layers of CHFK, 16E7 and HKc/DR EETE with
corresponding mitochondrial clustering values, . Scale bar is 50 um for all images. ()
Mean mitochondrial clustering as a function of normalized depth, from the basal to the
upper-most superficial layer for each EETE type we examined. (¢) Mean overall
mitochondrial clustering for each EETE group. Error bars indicate standard error for each
group. Statistical significance is indicated for p <0.05. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 3.

(a) Representative endogenous TPEF images detected at 460 nm following 755 nm
excitation from cells exposed to KSFM, Low Glu (low glucose), No Glu (ho glucose) and
Low Oxy (low O,) media (top row). Corresponding images following processing to isolate
mitochondrial features are shown in the bottom row. (5) Changes in mitochondrial clustering
(AP) observed after 2 hr exposure of HFK cells either to Low glucose or No glucose media.
(¢) Mitochondrial clustering observed before and within 30 min of the exposure of cells to
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low O, media. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 4.
(&) Mean normalized PSD depth-dependent variation as a function of spatial frequency for

each tissue type. Error bars represent standard error (SE) values. The yellow region
corresponds to spatial frequencies in the 1070-983_10-1.081 ym~1 or 0.125-0.083 um~1
region, relevant to features over the 8-12 um length scale. (6) Mean (+/-SE) normalized
PSD variation of features on the order of 8-12 pm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure5.
Mean overall mitochondrial clustering as a function of the mean normalized depth-

dependent PSD variation for features on the order of 8-12 um, for each EETE group. Error
bars indicate standard deviation for each group. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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(a) Depth-resolved endogenous TPEF images and (6) 3D rendered optical stacks of
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representative fields from healthy and CIN freshly excised human cervical tissue specimens.
TPEF dominated by NADH signal is shown in green, while keratin pixels are identified as

magenta. (¢) Hematoxylin and eosin stained sections from the corresponding tissue

specimens. (d) Mean mitochondrial clustering as a function of depth and (¢) mean overall
mitochondrial clustering and mitochondrial clustering range for normal (7= 4) and CIN (n=

4) cervical tissue specimens. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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