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Figure 5. mRNA relative levels of inflammatory and oxidative stress-related markers in the
hippocampus of GAS-Stress mice and relative controls. RT-PCR analysis was performed with
mRNAs extracted from hippocampus of control mice (PBS-no Stress), Group-A beta-haemolytic
streptococcus exposed mice (GAS-no Stress), psychosocially stressed mice (PBS-Stress) and mice
exposed to haemolytic streptococcus and psychosocially stressed (GAS-Stress), at two weeks from
treatment endings. Expression of each gene is presented as fold change over the expression measured
in the hippocampus of control mice (PBS-no Stress), taken as 1. The relative expression level of each
mRNA was calculated using the 2-AACt method, normalized to hypoxanthine guanine phosphoribosyl
transferase (HPRT), as detailed in the Materials and Methods section. Data are mean + SEM, n = 4-6 per
group. (A) IL-1 mRNA levels: $ p < 0.01 for GAS- Stress vs. PBS-Stress; * p < 0.05 for GAS-Stress vs.
GAS-no Stress and for PBS-Stress vs. PBS-no Stress. (B) TNF-o« mRNA levels: $ p < 0.05 for GAS-Stress
vs. PBS-Stress; * p < 0.05 for PBS-Stress vs. PBS-no Stress. (C) IL-10 mRNA levels: $ p < 0.05 for
GAS-Stress vs. PBS-Stress; * p < 0.05 for PBS-Stress vs. PBS-no Stress. (D) iNOS mRNA level: $ p < 0.01
for GAS-Stress vs. PBS-Stress; * p < 0.01 for GAS-Stress vs. GAS-no Stress and p < 0.05 for PBS-Stress vs.
PBS-no Stress. (E) Arg-1 mRNA levels. (F) MnSOD mRNA level: $ p < 0.05 for PBS vs. GAS. (G) CD11b
mRNA levels: * p < 0.01 for PBS-Stress vs. PBS-no Stress and vs. GAS-Stress. Cohen’s d measures are
reported in Table S1A.
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In the absence of a main effect of GAS on MnSOD mRNA levels (Figure 4F) ANOVA indicated
that the Stress group as a whole was higher than control (F(1,13) = 5.692, p = 0.0329). Further, a
significant GAS by Stress interaction (F(1,13) = 5.411, p = 0.0368) revealed that the upregulation of
mRNA transcripts was specific to the GAS-Stress group.

No main effect of GAS on CD11b (Figure 4G) mRNA levels was found. ANOVA yielded an effect
of Stress as a whole (F(1,17) = 7.770, p = 0.0126), and a GAS by Stress interaction (F(1,17) = 2.727,
p = 0.117); Tukey post hoc indicated that the upregulation of mRNA transcripts due to Stress was again
specific to GAS-Stress mice.

To summarize, two weeks after the last GAS injection, among the transcripts analysed in the
hypothalamus, only IL-1f transcripts were reliably modified by GAS inoculation per se. Chronic
psychosocial Stress per se upregulated both typical pro-inflammatory (IL-1f and TNF-«) and
anti-inflammatory genes (IL-10 and Arg-1) while leaving unaltered the expression of the pro- and
anti-oxidant enzymes iNOS and MnSOD and the phagocytic marker CD11b. When mice, previously
inoculated with GAS, were faced with stress adverse experience, also MnSOD and CD11b resulted
up-regulated. In contrast, TNF-a and IL-10 were down-regulated compared to Stress alone, suggesting
the activation of the oxidative defense system in the combined condition, and a more pronounced or
longer lasting inflammatory macrophage/microglial activation.

Noteworthy, in the hippocampus (Figure 5), GAS and Stress elicited a differential regulation of
these inflammatory genes compared to the hypothalamus. Indeed, repeated GAS inoculation alone
did not significantly or reliably alter the expression levels of the genes analysed (panels A-G). This
suggests that, at this time point, the inflammatory reaction to the GAS stimulus was already subsided
in this region, at least in term of the mRNA regulation of the panel of genes assayed.

Unlike GAS per se, Stress alone significantly reduced IL-1f3, TNF-«, IL-10, iNOS, and CD11b
mRNA levels (Figure 5, panels A-D, and G respectively), as revealed by post hoc analyses (see the
Figure legend).

Interestingly, in the absence of significant GAS-related changes per se, the combination of GAS
and Stress reverted the Stress-induced down-regulatory effect, indicating a relevant interaction of
the two treatments. Indeed, GAS-Stress mice showed comparable TNF-«, IL-10, and CD11b levels
than PBS-no Stress subjects, and higher IL-13 and iNOS levels (GAS by Stress interaction for TNF-a:
F(1,19) = 9.695, p = 0.0057; for IL-10: F(1,16) = 14.502, p = 0.0015; for IL-1/3: F(1,20) = 16.754, p = 0.0006;
for iNOS: F(1,20) = 24.628, p < 0.0001; for CD11b: F(1,19) = 16.789, p = 0.0006).

Unlike the other genes analyzed, Arg-1 mRNA levels (Figure 5E) were unaffected, irrespective of
both treatments and their combination.

Considering MnSOD expression (Figure 5F), ANOVA yielded a significant effect for GAS exposure
(F(1,15) = 9.999, p = 0.006), with GAS group as a whole being higher than controls (for post hoc, see
figure legend). Stress per se or its combination with previous GAS inoculation, did not affect the profile.

As a whole, these data suggest that Psychosocial Stress mostly induced a down-regulated basal
immune profile at the hippocampal level, while the combination with GAS exposure was associated
with an increased, longer-lasting, pro-inflammatory oxidative condition in the hippocampus.

3.5. Psychosocial Stress Affects Mitochondrial OXPHOS Machinery and Reduces Energy Status in the Brain of
GAS Immunized Mice

We first examined whether GAS and Stress treatments, separately or in interaction, could affect the
MRC complex activity in mice brain mitochondria (Figure 6). Measurements of MRC complex I-IV as
well as ATP synthase (complex V) activities showed no significant changes in all MRC activities in both
PBS-Stress and GAS-no Stress treated mice, respect to control (PBS-no Stress) group. Interestingly, GAS
treatment in mice exposed to psychosocial stress (GAS-Stress group) resulted in a significant reduction
in the activity of complex IV and V compared to control mice (F(1,12) = 16.12, p = 0.002; F(1,12) = 95.28,
p = 0.001, respectively). Importantly, chronic stress plus GAS treatments did not alter the mitochondrial
content in the brain tissue being 4.70 + 0.6 and 4.66 + 0.3 mg the amount of mitochondrial proteins
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obtained respectively from untreated and GAS-Stress groups (p > 0.5), from brain hemisphere tissues
with comparable wet weights (0.24 + 0.1 g).
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Figure 6. Mitochondrial respiratory chain (MRC) complex activities in brain of GAS-Stress mice and
relative controls. The activities of the MRC (A) complexI, (B) complex II, (C) complex III, (D) complex IV
and (E) complex V (ATP synthase) were measured spectrophotometrically in mitochondrial membrane
enriched fractions from cryopreserved brain hemispheres of wt littermates control mice (PBS-no Stress),
Group-A beta-haemolytic streptococcus exposed mice (GAS-no Stress), psychosocially stressed mice
(PBS-Stress) and psychosocially stressed mice exposed to haemolytic streptococcus (GAS-Stress), at two
weeks from treatment endings. Complex activities are expressed as nmol/min X mg protein. Data are
mean rates + SD obtained from three independent experiments. For MRC complex IV and V activities
$ p < 0.05 for PBS-Stress vs. GAS-Stress; ** p < 0.01 for GAS no-Stress vs. GAS-Stress. Cohen’s d
measures are reported in Table S1B.

In order to investigate whether the MRC defective complex activities found in GAS-Stress mice
group was accompanied by an impairment of bioenergetic efficiency, the mitochondrial ATP synthesis
was measured following the relative contribution of the individual MRC complexes of the OXPHOS
apparatus in the mitochondrial ATP production i.e. by adding the respiratory substrates of either
complex I (GLU/MAL), complex II (SUCC) or complex IV (ASC/TMPD), as energy sources (Figure 7).
Consistently with the data obtained from MRC activity measurements, GAS-Stress mice showed a
significant reduction in mitochondrial ATP synthesis only when using as energy source the respiratory
substrates of complex IV (Figure 7C); after post hoc comparison on GAS-Stress vs. PBS-no Stress mice:
F(1,12) = 4.60, p = 0.04). No significant differences among all mice groups were found in the complex
I- and II-dependent rate of mitochondrial ATP production from brain mitochondria. These results
suggest that specific components of the respiratory apparatus resulted selectively affected by GAS in
psychosocial stressed mice and contributed to the shortage in mitochondrial ATP production.
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Figure 7. Mitochondrial ATP production and ATP level in the brain of GAS-Stress mice and relative
controls. The rate of mitochondrial ATP production was measured in mitochondria isolated from
cryopreserved brain hemispheres in the presence of the respiratory substrates of (A) complex I glutamate
plus malate (GLU/MAL), (B) complex II succinate (SUCC) plus rotenone or (C) complex IV ascorbate
plus TMPD (ASC/TMPD). Values are mean rates + SD obtained from three independent experiments
and expressed as nmol/min X mg protein. Values are mean rates + SD obtained from three independent
experiments and expressed as nmol/min X mg protein. (D) The ATP level was measured as described
in Material and Methods. Values are mean rates + SD obtained from three independent experiments
and expressed as nmol/mg protein. For the panels C and D $ p < 0.05 for PBS-Stress vs. GAS-Stress.
** p < 0.01 for GAS no-Stress vs. GAS-Stress. Cohen’s d measures are reported in Table S1C.

Interestingly, the levels of ATP assayed in the brain of all four groups were strongly lowered
in GAS-Stress group as compared to the other groups (Figure 7D, F(1,16) = 18.36, p = 0.001), thus
suggesting that alterations in mitochondrial ATP production by GAS in psychosocial stress conditions
affected the whole brain energy status.

4. Discussion

The validated translational mouse model of PANDAS, adopted in the present study, has
been extensively characterized from a behavioural and biochemical point of view in our previous
studies [18,19]. Consistently with the hypothesis of the infectious and autoimmune pathogenesis of
PANDAS (see [71]), we reported that repeated exposures to GAS induce an antibody-mediated response
(also confirmed in the present study) and behavioural alterations homologous to clinical symptoms
observed in PANDAS (impaired sensorimotor gating, and abnormal repetitive and perseverative
behaviours). The behavioural phenotypes exhibited by GAS mice represent the preclinical analogue
of core clinical symptoms observed in PANDAS and obsessive-compulsive syndrome [11,72,73], and
are useful for studying their neurobiological basis. For example, increased behavioural rigidity,
reflected in impairments in spontaneous alternations, could be due to alterations in forebrain structures
(prefrontal cortex and dorsal striatum) [74] and imbalances in dopaminergic [75] and serotonergic [76]
neurochemical systems.

254



J. Clin. Med. 2019, 8, 1514

We previously reported that the behavioural changes observed in GAS mice were associated
with immune-mediated brain alterations, as indicated by the presence of inflammatory infiltrates
and activated microglia at the level of the rostral diencephalon (see [19,71] for a detailed discussion).
In the same rodent model, we observed that neonatal corticosterone administration contrasted both
behavioural and immunohistochemical alterations induced by later GAS exposure. These compensatory
effects co-occurred with persistent modifications in HPA activity and remarkable plasma increases
of several cytokines and chemokines, supporting the view that the HPA axis may contribute to the
regulation of the immune responses involved in the pathological sequelae of PANDAS and ultimately
modulate the severity of the PANDAS-related phenotype.

On this basis, herein, we further characterized the sequelae of repeated exposures to a GAS
homogenate during development (between late infancy and young adulthood) on behaviour,
neuroinflammatory and brain oxidative stress responses, and mitochondrial functional aspects later at
adulthood, and addressed the modulatory effects of chronic psychosocial stress on the same parameters.

With the aim of a translational approach, and to model a chronic psychosocial stress condition [55,
56,69], GAS mice and their controls were exposed to a gradient of territorial aggression by resident male
mice. Specifically, compared to PBS-injected control mice, during the first active social confrontation,
GAS mice were the recipients of consistently higher levels of aggressive behavior (in terms of Attacks
received). GAS mice also showed a characteristic behavioural repertoire, consisting of a shortened
latency to and an increased frequency of defensive upright postures, and time spent in immobility.
The observed behavioral profile of chronic stress condition is consistent with recent literature on this
translational model of adverse emotional experience [70], and on the reported interaction of chronic
stress with central immune dysregulation [77]. We believe that this profile of increased aggression
received by GAS mice during the first confrontation may relate to the fact that the homogenate injection
resulted in an overt inflammatory profile. The latter may have signalled a state of vulnerability to the
resident mouse which, in turn, may have increased its degree of aggression. Whilst this aspect is worth
additional investigation, we note that the differential attacks received by Stress and GAS mice during
the first day have unlikely extended to the following days of stress exposure. This tenet stems from the
fact that, after the first day, during the following days, direct attacks were physically prevented by
the experimenter, which interrupted the session upon the first occurrence of aggressive interaction.
Ultimately, although future studies are needed to clarify this aspect, we suggest that the increased
aggression received by GAS mice on day one may be due to a short-term effect of GAS homogenate on
individual phenotype, but that —in the light of the experimental paradigm adopted—such differential
profile is unlikely to explain the observed findings.

Consistently with our previous histochemical observations, suggestive of GAS-induced central
immune activation, here we found increased hypothalamic mRNA levels of the pro-inflammatory
cytokine IL-13 in GAS mice, analysed two weeks after the last GAS inoculation, revealing a long-lasting
central inflammatory effect of peripheral immunization. However, the other inflammatory- or oxidative
stress-related genes analysed (i.e. TNF-c, IL-10, iNOS, Arg-1, MnSOD, CD11b) were not altered
compared to PBS-injected control subjects.

Interestingly, at the hippocampal level, the expression of IL-13 was not reliably modified by GAS
treatment per se, as well as that of TNF-«, iNOS, and MnSOD, while the immunomodulatory cytokine
IL-10 and the macrophage/microglial phagocytic marker CD11b showed a tendency to decrease
compared to PBS-injected control mice.

It is worth noting that, as the above mRNA expression analyses were conducted two weeks
after the last GAS inoculation, our data depict the long-lasting alteration of neuroinflammatory state
consequent to repeated GAS challenges rather than the acute alteration of the genes analysed. It is well
known that brain immune cells (mainly microglia and astrocytes) undergo a profound rearrangement
of their functions following chronic stimulation, and acute and chronic preconditioning regimens
differentially affect their responsiveness to a later inflammatory challenge, for the onset of distinct
mechanisms of molecular memory ([78,79] and refs therein). Therefore, the mRNA data of inflammatory
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markers reflect brain immune cell adaptation to a chronic stimulation. Similar considerations apply to
the analyses of inflammation-related transcripts in subjects exposed to Psychosocial Stress, two weeks
after treatment termination.

Also in this case, and in line with previous experimental studies on Psychosocial Stress effects [77],
we observed a region-specific modulation of central cytokine expression. The direction of mRNA
regulation by Psychosocial Stress was however different from what found for GAS exposure, as it was
characterized by a prominent inflammatory response in the hypothalamus, and an opposite profile in
the hippocampus. Specifically, compared to PBS-injected control mice, while Stress upregulated the
mRNA levels of the inflammatory genes IL-1f3, TNF-«, IL-10, Arg-1, and marginally modulated iNOS
and CD11b mRNAs in the hypothalamus, it downregulated the same genes (with the exception of
Arg-1) in the hippocampus.

Besides their role in neuroinflammatory processes, cytokines typically participate in brain
development and plasticity, by translating environmental inputs into molecular signals [80]. An
imbalance between pro-inflammatory and anti-inflammatory cytokines can lead to long-lasting
changes in brain anatomy and function, and therefore long-term impairments in mood, cognition, and
behavior [81]. We did not analyze possible changes in brain anatomy in the GAS mouse model, but
the neuroimmune and behavioural alterations found in our study further support the link between
inflammatory gene regulation and behaviour.

Obvious limitations of mRNA analysis on bulk hippocampus and hypothalamus include the
possible dilution of signals confined to specific sub-regions important for immune and stress responses,
as well as the exclusion of additional levels of gene expression regulation; nonetheless, our data clearly
indicate that GAS peripheral infection and Stress have long-term and region-specific consequences on
brain immune homeostasis.

Region-specific patterns of up-regulation of distinct cytokines and differences in the extent
and time-course of activation in response to peripheral and central stressors have been reported in
different experimental models, albeit mechanisms conferring specificity of action remain to be fully
elucidated. Among the different factors accounting for these differences, neutrophil infiltration rate,
microglia/astrocyte density, blood brain barrier permeability, and relative densities of mineralocorticoid
and glucocorticoid receptors may represent valid targets [82-84].

Although the identification of possible mechanisms is far beyond the scope of the present
experimental investigation, the finding that GAS and chronic psychosocial Stress independently
upregulated GR expression at the hippocampal but not hypothalamic level suggests that these changes
might be involved in the different sensitivity of the two brain regions to HPA-related regulatory
mechanisms of inflammation. This is consistent with other reports from different chronic stress
models [85,86].

Furthermore, while both repeated GAS exposure and Psychosocial Stress exerted independent
effects, the main translational finding of the present study resides in the fact that the latter exacerbated
the effects of the former. In accordance with experimental data indicating that variations in circulating
corticosteroids may influence autoimmune phenomena [87,88], we observed that chronic psychosocial
stress, which exerted persistent effects on HPA axis activity (revealed by changes in hippocampal
GR expression and reduced peripheral corticosterone concentrations), exacerbated the behavioural,
immune and mitochondrial effects of GAS administration. The observation that the combination
of GAS and Stress halted the upregulation of GR in the hippocampus, together with the reduced
corticosterone concentrations found in this experimental group, suggest a persistent blunted HPA
activity in these mice at the time point of our analyses.

Classical studies conducted by Levine and his group showed that psychological and physiological
stress suppresses [87] and adrenalectomy potentiates [89] vulnerability to experimental autoimmune
encephalomyelitis. Ultimately, it is tenable that, depending on the directionality of the long-term
consequences exerted by experimental manipulations on HPA activity (increase or decrease in
circulating concentrations of corticosteroids and regulation of their receptors), autoimmune responses
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may be either potentiated or contrasted. Complex feedforward and feedback control mechanisms of
gene expression between glucocorticoids, activating GRs, and cytokines (such as IL-1 and TNF-«)
have been described in different experimental models [90,91] providing an explanation for the not
univocal role of glucocorticoids on inflammatory gene expression regulation. Further investigations
will be needed to address these issues in our GAS-Stress model and to dissect the interactions that can
take place in the two separate or combined GAS and Stress conditions.

Interestingly, the combination of GAS exposures with chronic stress-induced a significant
upregulation of the hippocampal levels of IL-13, TNF-«, and the inducible enzyme iNOS compared to
PBS-injected control subjects, which was not achieved by the single treatments. GAS-Stress treatment
also elicited a further upregulation of CD11b mRNA compared to Stress (in the hippocampus and
hypothalamus) or GAS alone (in the hypothalamus), suggesting an increased macrophage/microglia
activation in these areas.

Overall, these findings are in line with growing evidence indicating that cross-sensitization can
occur between immune-induced and stress-induced pro-inflammatory cytokines, resulting in the
potentiation of CNS cytokine responses [37-40]. The phenomenon of cross-sensitization suggests that a
shared neural substrate, mainly identified by others in the primary immune effector cell in the nervous
system i.e. microglia, may be primed by either stress or immune activation [37,38,40,92]. Whatever the
underlying mechanisms may be, cross-sensitization provides a mechanism explaining how stress can
exacerbate inflammatory disease processes and vice versa.

In consideration of the increasingly recognized modulatory action of cytokines and nitric oxide
on mechanisms of neuronal and synaptic plasticity, our data support the view that peripheral
inflammation and stress converge on pathways culminating in disruption of brain homeostatic
functions and neuroinflammation. In addition, by the generation of nitrogen reactive species, iNOS can
contribute to oxidative stress as shown in different tissues and experimental models [93,94], including
psychogenic stress treatments [95,96].

Consistently, we observed that GAS-Stress treatment promoted the expression of MnSOD—the
primary antioxidant enzyme in mitochondria—at hippocampal and hypothalamic levels; these data
indicate the induction of the antioxidant defense system. MnSOD, a key component of the enzymatic
antioxidant system, is upregulated by various mediators of oxidative stress, including reactive oxygen
and nitrogen species and inflammatory cytokines, such as IL-13 and TNF-« [49], and its abnormalities
have been documented in several clinical cases and experimental neurodegenerative processes [97].

Superoxide dismutase function is activated in the mitochondria to detoxify free radical superoxide
anion with formation of less reactive peroxide anion (H,O;) [49]. However, conditions of chronic
increase of MnSOD activity could result in HyO, accumulation, thereby causing mitochondrial
alterations. In particular, the MRC complex IV-cytochrome c oxidase is a target of hydrogen peroxide
showing various sites of oxidative modifications, which leads to a decline in its catalytic activity [98].

Consistently with a condition of oxidative stress in the GAS-Stress mouse model, our data
demonstrate that the combined exposure to GAS and stress caused a reduction of the complex IV
activity and decreased complex IV-dependent ATP production. These deficits, together with a reduced
ATP synthase activity, impair mitochondrial bioenergetics resulting in a deficit of brain ATP content.
The defective whole brain energy status and activation of MnSOD were not elicited by the single
treatments, suggesting for the first time a direct link between inflammation, mitochondrial bioenergetic
deficiency and ROS production in the combined infection/stress condition.

This is, to the best of our knowledge, the first report suggesting a clear link between inflammation
status and mitochondrial dysfunction in infectious GAS condition exacerbated by psychosocial stress.

Mitochondrial dysfunction is emerging as a pathological mechanism underlying various
inflammatory and autoimmune diseases, which become worse when accompanied by systemic
inflammation and oxidative stress [99]. Accumulating clinical and preclinical evidence indicate that
mitochondria are key players in neuroinflammatory and neurodegenerative diseases, as well as a critical
intersection point connecting early-life stress, brain programming and mental health [100-102]. There
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is growing evidence for the involvement of both mitochondrial ROS and mitochondrial metabolism in
inflammatory microglia/macrophage activation [47,103,104]. Moreover, it has been recently shown that
alterations of mitochondrial activity in microglia hamper the process of alternative activation, suggesting
that in severe clinical neurological conditions characterized by mitochondrial dysfunctions, microglia
may not be able to induce a full anti-inflammatory response, exacerbating neuroinflammation [48].

Our results in the preclinical model of PANDAS substantiate the translational hypothesis that
Streptococcus infection could induce an inflammatory status in PANDS patients, exacerbated by
stress conditions, with the secretion of inflammatory cytokines, which likely induce increase of ROS
production and mitochondrial dysfunction, resulting in brain energy deficit, which in turn intensify the
clinical symptoms severity. Previous clinical studies have demonstrated that inflammatory cytokines
such as interleukin-17 disable the main function of mitochondria, the energy production by respiration,
and activate autophagy in an autoimmune disease such as rheumatoid arthritis [51]. Indeed, the
critical role of pro-inflammatory cytokines on mitochondrial stress signalling and proteostasis is well
known [105,106]. Of note, a direct link between stress-derived corticosteroids and mitochondrial
function has been demonstrated in recent studies, revealing that activated GRs, besides their genomic
action, can translocate to the mitochondrial compartment and regulate mitochondrial nRNA expression,
including complex 1 subunits and ATP-synthase 6 expression [107,108]. The possible regulatory function
of GRs on mitochondrial activities in the GAS-Stress model will deserve further investigations.

5. Conclusions

Our results demonstrate that chronic psychosocial stress, which per se altered the expression
of neuroinflammatory markers in the hippocampal and hypothalamic regions, exacerbated the
neuroinflammatory alterations induced by experimental GAS exposures in the same areas. In addition,
the combined GAS/Stress treatment elicited mitochondrial dysfunctions, brain energy deficit and
upregulation of manganese superoxide dismutase (MnSOD), a mitochondrial enzyme playing a major
role in modulation of mitochondrial oxidative stress.

Our findings demonstrate the negative impact of social stress on PANDAS symptomatology and
provide a functional explanation to epidemiological and clinical data as well as a biological platform to
investigate the impact of psychosocial stress on immune-related clinical neurological diseases.

In this study, we offered a proof of principle and a translational hypothesis that
experimentally-induced alterations of HPA functionality may calibrate the individual response and
vulnerability to autoimmune phenomena. Furthermore, we identified a potential translational
link between environmental stress experience and the underlying mechanisms (promotion of
immunomodulatory processes) capable of promoting/exacerbating the progression of the pathological
phenotype. We propose that these data may inform future clinical strategies in the treatment
of PANDAS.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/10/1514/s1,
Table S1: Effect Size measures (Cohen’s d) for the comparisons shown in Figure 3, Figure 4, Figure 5 (A), Figure 6
(B) and Figure 7 (C). * Cohen’s d corresponding to significant comparisons.

Author Contributions: G.L. and S.M. designed the studies, interpreted the results, and wrote the manuscript. G.L.
supervised the study. C.S. designed the studies, performed the experiments, interpreted the results, performed
statistical analyses, and revised the manuscript. EF. carried out the behavioural characterization and performed
statistical analyses. M.A.A -C. carried out Real time PCR analyses, interpreted the results, and wrote the manuscript.
R.A.V. and D.V. carried out mitochondrial analyses, interpreted the results, performed statistical analyses, and
wrote the manuscript. R.A.V. provided useful suggestions and revised the manuscript.

Funding: This research was funded the European Community’s Seventh Framework Program (FP7) under grant
agreement n° 278367, the EMTICS Consortium and n° 603016, the MATRICS Consortium to G.L.

Acknowledgments: We thank Erika Bartolini and Immaculada Margarit for providing help with the measure of
GAS-related antibodies.

Conflicts of Interest: The authors declare no conflict of interest.

258



J. Clin. Med. 2019, 8, 1514

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Benros, M.E.; Waltoft, B.L.; Nordentoft, M.; Ostergaard, S.D.; Eaton, W.W.; Krogh, ]J.; Mortensen, P.B.
Autoimmune Diseases and Severe Infections as Risk Factors for Mood Disorders. JAMA Psychiatry 2013, 70,
812. [CrossRef] [PubMed]

Kohler-Forsberg, O.; Petersen, L.; Gasse, C.; Mortensen, P.B.; Dalsgaard, S.; Yolken, R.H.; Mors, O.; Benros, M.E.
A Nationwide Study in Denmark of the Association between Treated Infections and the Subsequent Risk of
Treated Mental Disorders in Children and Adolescents. JAMA Psychiatry 2018. [CrossRef] [PubMed]
Sperner-Unterweger, B. Immunological aetiology of major psychiatric disorders: Evidence and therapeutic
implications. Drugs 2005, 65, 1493-1520. [CrossRef] [PubMed]

Tylee, D.S.; Sun, J.; Hess, J.L.; Tahir, M.A_; Sharma, E.; Malik, R.; Worrall, B.B.; Levine, A.J.; Martinson, J.J.;
Nejentsev, S.; et al. Genetic correlations among psychiatric and immune-related phenotypes based on
genome-wide association data. Am. . Med. Genet. B. Neuropsychiatr. Genet. 2018, 177, 641-657. [CrossRef]
[PubMed]

Khandaker, G.M.; Dantzer, R.; Jones, P.B. Imnmunopsychiatry: Important facts. Psychol. Med. 2017, 47,
2229-2237. [CrossRef] [PubMed]

Levin,M.C.; Lee, S.M.; Kalume, F.; Morcos, Y.; Dohan, F.C.; Hasty, K.A.; Callaway, ].C.; Zunt, ].; Desiderio, D.M.;
Stuart, ].M. Autoimmunity due to molecular mimicry as a cause of neurological disease. Nat. Med. 2002, 8,
509-513. [CrossRef] [PubMed]

Brimberg, L.; Benhar, I.; Mascaro-Blanco, A.; Alvarez, K.; Lotan, D.; Winter, C.; Klein, J.; Moses, A.E.;
Somnier, EE.; Leckman, J.F; et al. Behavioral, pharmacological, and immunological abnormalities after
streptococcal exposure: A novel rat model of Sydenham chorea and related neuropsychiatric disorders.
Neuropsychopharmacology 2012, 37, 2076-2087. [CrossRef] [PubMed]

Garvey, M.A.; Giedd, J.; Swedo, S.E. PANDAS: The search for environmental triggers of pediatric
neuropsychiatric disorders. Lessons from rheumatic fever. J. Child Neurol. 1998, 13, 413-423. [CrossRef]
Hoffman, K.L.; Hornig, M.; Yaddanapudji, K; Jabado, O.; Lipkin, W.I. A murine model for neuropsychiatric
disorders associated with group A beta-hemolytic streptococcal infection. J. Neurosci. 2004, 24, 1780-1791.
[CrossRef]

Snider, L.A.; Swedo, S.E. PANDAS: Current status and directions for research. Mol. Psychiatry 2004, 9,
900-907. [CrossRef]

Swedo, S.E.; Leonard, H.L.; Rapoport, J.L. The pediatric autoimmune neuropsychiatric disorders associated
with streptococcal infection (PANDAS) subgroup: Separating fact from fiction. Pediatrics 2004, 113, 907-911.
[CrossRef] [PubMed]

Yaddanapudi, K.; Hornig, M.; Serge, R.; De Miranda, J.; Baghban, A.; Villar, G.; Lipkin, W.I. Passive transfer
of streptococcus-induced antibodies reproduces behavioral disturbances in a mouse model of pediatric
autoimmune neuropsychiatric disorders associated with streptococcal infection. Mol. Psychiatry 2010, 15,
712-726. [CrossRef] [PubMed]

Hoekstra, PJ.; Dietrich, A.; Edwards, M.].; Elamin, I.; Martino, D. Environmental factors in Tourette syndrome.
Neurosci. Biobehav. Rev. 2013, 37, 1040-1049. [CrossRef] [PubMed]

Leonard, H.L.; Swedo, S.E. Paediatric autoimmune neuropsychiatric disorders associated with streptococcal
infection (PANDAS). Int. ]. Neuropsychopharmacol. 2001, 4, 191-198. [CrossRef] [PubMed]

Cardona, F.; Orefici, G. Group A streptococcal infections and tic disorders in an Italian pediatric population.
J. Pediatr. 2001, 138, 71-75. [CrossRef] [PubMed]

Rizzo, R.; Gulisano, M.; Pavone, P; Fogliani, F.; Robertson, M.M. Increased antistreptococcal antibody titers
and anti-basal ganglia antibodies in patients with Tourette syndrome: Controlled cross-sectional study.
J. Child Neurol. 2006, 21, 747-753. [CrossRef] [PubMed]

Orlovska, S.; Vestergaard, C.H.; Bech, B.H.; Nordentoft, M.; Vestergaard, M.; Benros, M.E. Association of
Streptococcal Throat Infection with Mental Disorders: Testing Key Aspects of the PANDAS Hypothesis in a
Nationwide Study. JAMA Psychiatry 2017, 74, 740-746. [CrossRef] [PubMed]

Macri, S.; Ceci, C.; Onori, M.P,; Invernizzi, R.W.; Bartolini, E.; Altabella, L.; Canese, R.; Imperi, M.; Orefici, G.;
Creti, R.; et al. Mice repeatedly exposed to Group-A 3-Haemolytic Streptococcus show perseverative
behaviors, impaired sensorimotor gating, and immune activation in rostral diencephalon. Sci. Rep. 2015, 5,
13257. [CrossRef] [PubMed]

259



J. Clin. Med. 2019, 8, 1514

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Macri, S.; Spinello, C.; Widomska, J.; Magliozzi, R.; Poelmans, G.; Invernizzi, R.W.; Creti, R.; Roessner, V.;
Bartolini, E.; Margarit, I.; et al. Neonatal corticosterone mitigates autoimmune neuropsychiatric disorders
associated with streptococcus in mice. Sci. Rep. 2018, 8, 10188. [CrossRef] [PubMed]

Conelea, C.A.; Woods, D.W. The influence of contextual factors on tic expression in Tourette’s syndrome: A
review. J. Psychosom. Res. 2008, 65, 487-496. [CrossRef]

Buse, J.; Kirschbaum, C.; Leckman, J.E;; Miinchau, A.; Roessner, V. The Modulating Role of Stress in the Onset
and Course of Tourette’s Syndrome: A Review. Behav. Modif. 2014, 38, 184-216. [CrossRef] [PubMed]
Godar, S.C.; Bortolato, M. What makes you tic? Translational approaches to study the role of stress and
contextual triggers in Tourette syndrome. Neurosci. Biobehav. Rev. 2017, 76, 123-133. [CrossRef] [PubMed]
Leckman, J.E. Tourette’s syndrome. Lancet 2002, 360, 1577-1586. [CrossRef]

Motlagh, M.G.; Katsovich, L.; Thompson, N.; Lin, H.; Kim, Y.-S.; Scahill, L.; Lombroso, PJ.; King, R.A.;
Peterson, B.S.; Leckman, ].F. Severe psychosocial stress and heavy cigarette smoking during pregnancy: An
examination of the pre- and perinatal risk factors associated with ADHD and Tourette syndrome. Eur. Child.
Adolesc. Psychiatry 2010, 19, 755-764. [CrossRef] [PubMed]

Saccomani, L.; Fabiana, V.; Manuela, B.; Giambattista, R. Tourette syndrome and chronic tics in a sample of
children and adolescents. Brain Dev. 2005, 27, 349-352. [CrossRef] [PubMed]

Conelea, C.A.; Woods, D.W.; Brandt, B.C. The impact of a stress induction task on tic frequencies in youth
with Tourette Syndrome. Behav. Res. Ther. 2011, 49, 492-497. [CrossRef] [PubMed]

Lin, H.; Katsovich, L.; Ghebremichael, M.; Findley, D.B.; Grantz, H.; Lombroso, PJ.; King, R.A.; Zhang, H.;
Leckman, J.F. Psychosocial stress predicts future symptom severities in children and adolescents with
Tourette syndrome and/or obsessive-compulsive disorder. J. Child Psychol. Psychiatry 2007, 48, 157-166.
[CrossRef] [PubMed]

Bateson, P; Barker, D.; Clutton-Brock, T.; Deb, D.; D’Udine, B.; Foley, R.A.; Gluckman, P.; Godfrey, K.;
Kirkwood, T.; Lahr, M.M_; et al. Developmental plasticity and human health. Nature 2004, 430, 419-421.
[CrossRef]

Bale, T.L.; Epperson, C.N. Sex differences and stress across the lifespan. Nat. Neurosci. 2015, 18, 1413-1420.
[CrossRef]

Bartolomucci, A. Social stress, immune functions and disease in rodents. Front. Neuroendocrinol. 2007, 28,
28-49. [CrossRef]

Krishnan, V.; Han, M.-H.; Graham, D.L.; Berton, O.; Renthal, W.; Russo, S.J.; LaPlant, Q.; Graham, A.;
Lutter, M.; Lagace, D.C.; et al. Molecular Adaptations Underlying Susceptibility and Resistance to Social
Defeat in Brain Reward Regions. Cell 2007, 131, 391-404. [CrossRef] [PubMed]

Lassance-Soares, R.M.; Sood, S.; Chakraborty, N.; Jnhamnani, S.; Aghili, N.; Nashin, H.; Hammamieh, R.;
Jett, M.; Epstein, S.E.; Burnett, M.S. Chronic stress impairs collateral blood flow recovery in aged mice.
J. Cardiovasc. Transl. Res. 2014, 7, 749-755. [CrossRef] [PubMed]

McEwen, B.S. Physiology and neurobiology of stress and adaptation: Central role of the brain. Physiol. Rev.
2007, 87, 873-904. [CrossRef] [PubMed]

Pryce, C.R.; Fuchs, E. Chronic psychosocial stressors in adulthood: Studies in mice, rats and tree shrews.
Neurobiol. Stress 2017, 6, 94-103. [CrossRef] [PubMed]

Scharf, S.H.; Sterlemann, V.; Liebl, C.; Miiller, M.B.; Schmidt, M.V. Chronic social stress during adolescence:
Interplay of paroxetine treatment and ageing. Neuropharmacology 2013, 72, 38-46. [CrossRef] [PubMed]
Goshen, L; Yirmiya, R. Interleukin-1 (IL-1): A central regulator of stress responses. Front. Neuroendocrinol.
2009, 30, 30-45. [CrossRef] [PubMed]

Cunningham, C.; Wilcockson, D.C.; Campion, S.; Lunnon, K.; Perry, V.H. Central and systemic endotoxin
challenges exacerbate the local inflammatory response and increase neuronal death during chronic
neurodegeneration. J. Neurosci. 2005, 25, 9275-9284. [CrossRef] [PubMed]

Frank, M.G.; Weber, M.D.; Watkins, L.R.; Maier, S.F. Stress-induced neuroinflammatory priming: A liability
factor in the etiology of psychiatric disorders. Neurobiol. Stress 2016, 4, 62-70. [CrossRef]

Johnson, J.; O’Connor, K.; Watkins, L.; Maier, S. The role of IL-1f in stress-induced sensitization of
proinflammatory cytokine and corticosterone responses. Neuroscience 2004, 127, 569-577. [CrossRef] [PubMed]
Perry, VH.; Newman, T.A.; Cunningham, C. The impact of systemic infection on the progression of
neurodegenerative disease. Nat. Rev. Neurosci. 2003, 4, 103-112. [CrossRef] [PubMed]

260



J. Clin. Med. 2019, 8, 1514

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Barron, H.; Hafizi, S.; Andreazza, A.; Mizrahi, R. Neuroinflammation and Oxidative Stress in Psychosis and
Psychosis Risk. Int. J. Mol. Sci. 2017, 18, 651. [CrossRef] [PubMed]

Pei, L.; Wallace, D.C. Mitochondrial Etiology of Neuropsychiatric Disorders. Biol. Psychiatry 2018, 83, 722-730.
[CrossRef] [PubMed]

Valenti, D.; de Bari, L.; De Filippis, B.; Henrion-Caude, A.; Vacca, R.A. Mitochondrial dysfunction as a central
actor in intellectual disability-related diseases: An overview of Down syndrome, autism, Fragile X and Rett
syndrome. Neurosci. Biobehav. Rev. 2014, 46 Pt 2, 202-217. [CrossRef]

Vacca, R.A.; Bawari, S.; Valenti, D.; Tewari, D.; Nabavi, S.F,; Shirooie, S.; Sah, A.N.; Volpicella, M.; Braidy, N.;
Nabavi, S.M. Down syndrome: Neurobiological alterations and therapeutic targets. Neurosci. Biobehav. Rev.
2019, 98, 234-255. [CrossRef] [PubMed]

Valenti, D.; Braidy, N.; De Rasmo, D.; Signorile, A.; Rossi, L.; Atanasov, A.G.; Volpicella, M.; Henrion-Caude, A.;
Nabavi, S.M.; Vacca, R.A. Mitochondria as pharmacological targets in Down syndrome. Free Radic. Biol. Med.
2018, 114, 69-83. [CrossRef] [PubMed]

Morris, G.; Stubbs, B.; Kohler, C.A.; Walder, K ; Slyepchenko, A.; Berk, M.; Carvalho, A.F. The putative role
of oxidative stress and inflammation in the pathophysiology of sleep dysfunction across neuropsychiatric
disorders: Focus on chronic fatigue syndrome, bipolar disorder and multiple sclerosis. Sleep Med. Rev. 2018,
41, 255-265. [CrossRef] [PubMed]

De Simone, R.; Ajmone-Cat, M.A.; Pandolfi, M.; Bernardo, A.; De Nuccio, C.; Minghetti, L.; Visentin, S.
The mitochondrial uncoupling protein-2 is a master regulator of both M1 and M2 microglial responses.
J. Neurochem. 2015, 135, 147-156. [CrossRef] [PubMed]

Ferger, A.I; Campanelli, L.; Reimer, V.; Muth, K.N.; Merdian, I.; Ludolph, A.C.; Witting, A. Effects of
mitochondrial dysfunction on the immunological properties of microglia. J. Neuroinflamm. 2010, 7, 45.
[CrossRef] [PubMed]

Li, C.; Zhou, H.-M. The Role of Manganese Superoxide Dismutase in Inflammation Defense. Enzym. Res.
2011, 2011, 387176. [CrossRef]

Piantadosi, C.A.; Suliman, H.B. Transcriptional control of mitochondrial biogenesis and its interface with
inflammatory processes. Biochim. Biophys. Acta Gen. Subj. 2012, 1820, 532-541. [CrossRef]

Kim, E.K.; Kwon, J.-E.; Lee, S.-Y.; Lee, E.-].; Kim, D.S.; Moon, S.-].; Lee, J.; Kwok, S.-K,; Park, S.-H.; Cho, M.-L.
IL-17-mediated mitochondrial dysfunction impairs apoptosis in rheumatoid arthritis synovial fibroblasts
through activation of autophagy. Cell Death Dis. 2017, 8, €2565. [CrossRef] [PubMed]

Flies, D.B.; Chen, L. A simple and rapid vortex method for preparing antigen/adjuvant emulsions for
immunization. . Immunol. Methods 2003, 276, 239-242. [CrossRef]

Bartolomucci, A.; Cabassi, A.; Govoni, P.; Ceresini, G.; Cero, C.; Berra, D.; Dadomo, H.; Franceschini, P;
Dell’Omo, G.; Parmigiani, S.; et al. Metabolic consequences and vulnerability to diet-induced obesity in
male mice under chronic social stress. PLoS ONE 2009, 4, e4331. [CrossRef] [PubMed]

Sanghez, V.; Razzoli, M.; Carobbio, S.; Campbell, M.; McCallum, J.; Cero, C.; Ceresini, G.; Cabassi, A.;
Govoni, P.; Franceschini, P; et al. Psychosocial stress induces hyperphagia and exacerbates diet-induced
insulin resistance and the manifestations of the Metabolic Syndrome. Psychoneuroendocrinology 2013, 38,
2933-2942. [CrossRef] [PubMed]

Bartolomucci, A.; Carola, V.; Pascucci, T.; Puglisi-Allegra, S.; Cabib, S.; Lesch, K.-P.; Parmigiani, S.; Palanza, P.;
Gross, C. Increased vulnerability to psychosocial stress in heterozygous serotonin transporter knockout mice.
Dis. Model. Mech. 2010, 3, 459-470. [CrossRef] [PubMed]

Dadomo, H.; Sanghez, V.; Di Cristo, L.; Lori, A.; Ceresini, G.; Malinge, I.; Parmigiani, S.; Palanza, P.;
Sheardown, M.; Bartolomucci, A. Vulnerability to chronic subordination stress-induced depression-like
disorders in adult 129SvEv male mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 2011, 35, 1461-1471.
[CrossRef] [PubMed]

Zoratto, F.; Sbriccoli, M.; Martinelli, A.; Glennon, J.C.; Macri, S.; Laviola, G. Intranasal oxytocin administration
promotes emotional contagion and reduces aggression in a mouse model of callousness. Neuropharmacology
2018, 143, 250-267. [CrossRef] [PubMed]

Bartolomucci, A.; Pederzani, T.; Sacerdote, P.; Panerai, A.E.; Parmigiani, S.; Palanza, P. Behavioral and
physiological characterization of male mice under chronic psychosocial stress. Psychoneuroendocrinology 2004,
29, 899-910. [CrossRef]

261



J. Clin. Med. 2019, 8, 1514

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Macri, S.; Pasquali, P.; Bonsignore, L.T.; Pieretti, S.; Cirulli, F.; Chiarotti, F.,; Laviola, G. Moderate neonatal
stress decreases within-group variation in behavioral, immune and HPA responses in adult mice. PLoS ONE
2007, 2, €1015. [CrossRef]

Macri, S.; Granstrem, O.; Shumilina, M.; Antunes Gomes dos Santos, FJ.; Berry, A.; Saso, L.; Laviola, G.
Resilience and vulnerability are dose-dependently related to neonatal stressors in mice. Horm. Behav. 2009,
56,391-398. [CrossRef]

Gao, W,; Stalder, T.; Foley, P; Rauh, M.; Deng, H.; Kirschbaum, C. Quantitative analysis of steroid hormones in
human hair using a column-switching LC-APCI-MS/MS assay. ]. Chromatogr. B Anal. Technol. Biomed. Life Sci.
2013, 928, 1-8. [CrossRef] [PubMed]

Valenti, D.; de Bari, L.; De Filippis, B.; Ricceri, L.; Vacca, R.A. Preservation of mitochondrial functional
integrity in mitochondria isolated from small cryopreserved mouse brain areas. Anal. Biochem. 2014, 444,
25-31. [CrossRef] [PubMed]

De Filippis, B.; Valenti, D.; Chiodi, V.; Ferrante, A.; de Bari, L.; Fiorentini, C.; Domenici, M.R.; Ricceri, L.;
Vacca, R.A_; Fabbri, A ; et al. Modulation of Rho GTPases rescues brain mitochondrial dysfunction, cognitive
deficits and aberrant synaptic plasticity in female mice modeling Rett syndrome. Eur. Neuropsychopharmacol.
2015, 25, 889-901. [CrossRef] [PubMed]

Manente, A.G.; Valenti, D.; Pinton, G.; Jithesh, P.V.; Daga, A.; Rossi, L.; Gray, S.G.; O'Byrne, K.J.; Fennell, D.A.;
Vacca, R.A; et al. Estrogen receptor 3 activation impairs mitochondrial oxidative metabolism and affects
malignant mesothelioma cell growth in vitro and in vivo. Oncogenesis 2013, 2, €72. [CrossRef] [PubMed]
De Filippis, B.; Valenti, D.; de Bari, L.; De Rasmo, D.; Musto, M.; Fabbri, A.; Ricceri, L.; Fiorentini, C.;
Laviola, G.; Vacca, R.A. Mitochondrial free radical overproduction due to respiratory chain impairment in
the brain of a mouse model of Rett syndrome: Protective effect of CNF1. Free Radic. Biol. Med. 2015, 83,
167-177. [CrossRef] [PubMed]

Khan, H.A. Bioluminometric assay of ATP in mouse brain: Determinant factors for enhanced test sensitivity.
J. Biosci. 2003, 28, 379-382. [CrossRef] [PubMed]

Vigli, D.; Rusconi, L.; Valenti, D.; La Montanara, P.; Cosentino, L.; Lacivita, E.; Leopoldo, M.; Amendola, E.;
Gross, C.; Landsberger, N.; et al. Rescue of prepulse inhibition deficit and brain mitochondrial dysfunction
by pharmacological stimulation of the central serotonin receptor 7 in a mouse model of CDKL5 Deficiency
Disorder. Neuropharmacology 2019, 144, 104-114. [CrossRef] [PubMed]

Deacon, RM.J.; Rawlins, ].N.P. T-maze alternation in the rodent. Nat. Protoc. 2006, 1, 7-12. [CrossRef] [PubMed]
Zou, J.; Storm, D.R.; Xia, Z. Conditional deletion of ERK5 MAP kinase in the nervous system impairs
pheromone information processing and pheromone-evoked behaviors. PLoS ONE 2013, 8, €76901. [CrossRef]
[PubMed]

Razzoli, M.; Nyuyki-Dufe, K.; Gurney, A.; Erickson, C.; McCallum, J.; Spielman, N.; Marzullo, M.; Patricelli, J.;
Kurata, M.; Pope, E.A.; et al. Social stress shortens lifespan in mice. Aging Cell 2018, 17, €12778. [CrossRef]
Spinello, C.; Laviola, G.; Macri, S. Pediatric Autoimmune Disorders Associated with Streptococcal Infections
and Tourette’s Syndrome in Preclinical Studies. Front. Neurosci. 2016, 10, 310. [CrossRef] [PubMed]
Swedo, S.E.; Grant, PJ. Annotation: PANDAS: A model for human autoimmune disease. ]. Child
Psychol. Psychiatry 2005, 46, 227-234. [CrossRef] [PubMed]

Trifiletti, R.R.; Packard, A.M. Immune mechanisms in pediatric neuropsychiatric disorders. Tourette’s
syndrome, OCD, and PANDAS. Child. Adolesc. Psychiatr. Clin. N. Am. 1999, 8, 767-775. [CrossRef]
Lalonde, R. The neurobiological basis of spontaneous alternation. Neurosci. Biobehav. Rev. 2002, 26, 91-104.
[CrossRef]

Irwin, J.; Tombaugh, T.N.; Zacharko, R.M.; Anisman, H. Alteration of exploration and the response to food
associated cues after treatment with pimozide. Pharmacol. Biochem. Behav. 1983, 18, 235-246. [CrossRef]
Jaffard, R.; Mocaer, E.; Poignant, J.-C.; Micheau, J.; Marighetto, A.; Meunier, M.; Béracochéa, D. Effects
of tianeptine on spontaneous alternation, simple and concurrent spatial discrimination learning and on
alcohol-induced alternation deficits in mice. Behav. Pharmacol. 1991, 2, 37-46. [CrossRef] [PubMed]
Bartolomucci, A.; Palanza, P.; Parmigiani, S.; Pederzani, T.; Merlot, E.; Neveu, PJ.; Dantzer, R. Chronic
psychosocial stress down-regulates central cytokines mRNA. Brain Res. Bull. 2003, 62, 173-178. [CrossRef]
[PubMed]

262



J. Clin. Med. 2019, 8, 1514

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Ajmone-Cat, M.A.; D’Urso, M.C.; di Blasio, G.; Brignone, M.S.; De Simone, R.; Minghetti, L. Glycogen
synthase kinase 3 is part of the molecular machinery regulating the adaptive response to LPS stimulation in
microglial cells. Brain Behav. Immun. 2016, 55, 225-235. [CrossRef] [PubMed]

Ajmone-Cat, M.A.; Mancini, M.; De Simone, R.; Cilli, P.; Minghetti, L. Microglial polarization and plasticity:
Evidence from organotypic hippocampal slice cultures. Glia 2013, 61, 1698-1711. [CrossRef] [PubMed]
Alboni, S.; Maggi, L. Editorial: Cytokines as Players of Neuronal Plasticity and Sensitivity to Environment in
Healthy and Pathological Brain. Front. Cell. Neurosci. 2016, 9, 508. [CrossRef] [PubMed]

Dantzer, R.; O’Connor, J.C.; Freund, G.G.; Johnson, RW.; Kelley, K.W. From inflammation to sickness and
depression: When the immune system subjugates the brain. Nat. Rev. Neurosci. 2008, 9, 46-56. [CrossRef]
[PubMed]

Espinosa-Oliva, A.M.; de Pablos, R.M.; Villaran, R.F.; Argiielles, S.; Venero, J.L.; Machado, A.; Cano, J. Stress
is critical for LPS-induced activation of microglia and damage in the rat hippocampus. Neurobiol. Aging
2011, 32, 85-102. [CrossRef] [PubMed]

Ji, K.-A; Eu, M.Y,; Kang, S.-H.; Gwag, B.J.; Jou, L; Joe, E.-H. Differential neutrophil infiltration contributes to
regional differences in brain inflammation in the substantia nigra pars compacta and cortex. Glia 2008, 56,
1039-1047. [CrossRef] [PubMed]

Kipp, M.; Norkute, A ; Johann, S.; Lorenz, L.; Braun, A.; Hieble, A_; Gingele, S.; Pott, F.; Richter, ].; Beyer, C.
Brain-region-specific astroglial responses in vitro after LPS exposure. J. Mol. Neurosci. 2008, 35, 235-243.
[CrossRef]

Gadek-Michalska, A.; Spyrka, J.; Rachwalska, P; Tadeusz, J.; Bugajski, J. Influence of chronic stress on brain
corticosteroid receptors and HPA axis activity. Pharmacol. Rep. 2013, 65, 1163-1175. [CrossRef]

Mizoguchi, K.; Ishige, A.; Aburada, M.; Tabira, T. Chronic stress attenuates glucocorticoid negative feedback:
Involvement of the prefrontal cortex and hippocampus. Neuroscience 2003, 119, 887-897. [CrossRef]
Levine, S.; Strebel, R.; Wenk, E.J.; Harman, P.J. Suppression of experimental allergic encephalomyelitis by
stress. Proc. Soc. Exp. Biol. Med. 1962, 109, 294-298. [CrossRef]

Levine, S.; Saltzman, A. Nonspecific stress prevents relapses of experimental allergic encephalomyelitis in
rats. Brain Behav. Immun. 1987, 1, 336-341. [CrossRef]

Levine, S.; Wenk, E.J.; Muldoon, T.N.; Cohen, S.G. Enhancement of experimental allergic encephalomyelitis
by adrenalectomy. Proc. Soc. Exp. Biol. Med. 1962, 111, 383-385. [CrossRef]

Newton, R.; Shah, S.; Altonsy, M.O.; Gerber, A.N. Glucocorticoid and cytokine crosstalk: Feedback,
feedforward, and co-regulatory interactions determine repression or resistance. J. Biol. Chem. 2017, 292,
7163-7172. [CrossRef]

Webster, J.C.; Oakley, R.H.; Jewell, C.M.; Cidlowski, J.A. Proinflammatory cytokines regulate human
glucocorticoid receptor gene expression and lead to the accumulation of the dominant negative isoform: A
mechanism for the generation of glucocorticoid resistance. Proc. Natl. Acad. Sci. USA 2001, 98, 6865-6870.
[CrossRef] [PubMed]

Nair, A.; Bonneau, R.H. Stress-induced elevation of glucocorticoids increases microglia proliferation through
NMDA receptor activation. J. Neuroimmunol. 2006, 171, 72-85. [CrossRef] [PubMed]

Choi, YJ.; Kim, H.S,; Lee, J.; Chung, J.; Lee, ].S.; Choi, ].S.; Yoon, T.R.; Kim, H.K.; Chung, H.Y. Down-regulation
of oxidative stress and COX-2 and iNOS expressions by dimethyl lithospermate in aged rat kidney.
Arch. Pharm. Res. 2014, 37, 1032-1038. [CrossRef] [PubMed]

Hsieh, H.-L.; Yang, C.-M. Role of Redox Signaling in Neuroinflammation and Neurodegenerative Diseases.
Biomed. Res. Int. 2013, 2013, 484613. [CrossRef] [PubMed]

Madrigal, J.L.; Moro, M.A ; Lizasoain, I.; Lorenzo, P; Castrillo, A.; Boscd, L.; Leza, ].C. Inducible nitric oxide
synthase expression in brain cortex after acute restraint stress is regulated by nuclear factor kappaB-mediated
mechanisms. J. Neurochem. 2001, 76, 532-538. [CrossRef] [PubMed]

Novaes, L.S.; Dos Santos, N.B.; Dragunas, G.; Perfetto, ].G.; Leza, ].C.; Scavone, C.; Munhoz, C.D. Repeated
Restraint Stress Decreases Na K-ATPase Activity via Oxidative and Nitrosative Damage in the Frontal Cortex
of Rats. Neuroscience 2018, 393, 273-283. [CrossRef] [PubMed]

Wong, G.H.; Goeddel, D.V. Induction of manganous superoxide dismutase by tumor necrosis factor: Possible
protective mechanism. Science 1988, 242, 941-944. [CrossRef]

Musatov, A.; Robinson, N.C. Susceptibility of mitochondrial electron-transport complexes to oxidative
damage. Focus on cytochrome c oxidase. Free Radic. Res. 2012, 46, 1313-1326. [CrossRef]

263



J. Clin. Med. 2019, 8, 1514

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Hernandez-Aguilera, A; Rull, A.; Rodriguez-Gallego, E.; Riera-Borrull, M.; Luciano-Mateo, F.; Camps, J.;
Menéndez, J.A.; Joven, ]J. Mitochondrial dysfunction: A basic mechanism in inflammation-related
non-communicable diseases and therapeutic opportunities. Mediat. Inflamm. 2013, 2013, 135698. [CrossRef]
Hoffmann, A.; Spengler, D. The Mitochondrion as Potential Interface in Early-Life Stress Brain Programming.
Front. Behav. Neurosci. 2018, 12, 306. [CrossRef]

Di Filippo, M.; Chiasserini, D.; Tozzi, A.; Picconi, B.; Calabresi, P. Mitochondria and the Link Between
Neuroinflammation and Neurodegeneration. J. Alzheimer Dis. 2010, 20, S369-5379. [CrossRef]

Witte, M.E.; Mahad, D.J.; Lassmann, H.; van Horssen, J. Mitochondrial dysfunction contributes to
neurodegeneration in multiple sclerosis. Trends Mol. Med. 2014, 20, 179-187. [CrossRef]

Naik, E.; Dixit, V.M. Mitochondrial reactive oxygen species drive proinflammatory cytokine production.
J. Exp. Med. 2011, 208, 417-420. [CrossRef]

Park, J.; Choi, H.; Min, J.-S.; Park, S.-J.; Kim, J.-H.; Park, H.-J.; Kim, B.; Chae, J.-I.; Yim, M.; Lee, D.-S.
Mitochondrial dynamics modulate the expression of pro-inflammatory mediators in microglial cells.
J. Neurochem. 2013, 127, 221-232. [CrossRef]

Cao, Y.; Zhang, X.; Shang, W.; Xu, J.; Wang, X.; Hu, X.; Ao, Y.; Cheng, H. Proinflammatory Cytokines
Stimulate Mitochondrial Superoxide Flashes in Articular Chondrocytes In Vitro and In Situ. PLoS ONE 2013,
8, 66444. [CrossRef]

Hahn, W.S.; Kuzmicic, J.; Burrill, ].S.; Donoghue, M.A.; Foncea, R.; Jensen, M.D.; Lavandero, S.; Arriaga, E.A ;
Bernlohr, D.A. Proinflammatory cytokines differentially regulate adipocyte mitochondrial metabolism,
oxidative stress, and dynamics. Am. |. Physiol. Endocrinol. Metab. 2014, 306, E1033-E1045. [CrossRef]

Du, J.; McEwen, B.; Manji, H.K. Glucocorticoid receptors modulate mitochondrial function. Commun. Integr.
Biol. 2009, 2, 350-352. [CrossRef]

Hunter, R.G,; Seligsohn, M.; Rubin, T.G.; Griffiths, B.B.; Ozdemir, Y.; Pfaff, D.W.; Datson, N.A.; McEwen, B.S.
Stress and corticosteroids regulate rat hippocampal mitochondrial DN A gene expression via the glucocorticoid
receptor. Proc. Natl. Acad. Sci. USA 2016, 113, 9099-9104. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

264



Journal of 4
(85 Clinical Medicine ﬂw\b\w

Article

Genes and Variants Underlying Human Congenital
Lactic Acidosis—From Genetics to

Personalized Treatment

Irene Bravo-Alonso !, Rosa Navarrete 1, Ana Isabel Vega 1 Pedro Ruiz-Sala?,

Maria Teresa Garcia Silva 2, Elena Martin-Hernandez 2, Pilar Quijada-Fraile 2

Amaya Belanger-Quintana 3 Sinziana Stanescu 3, Maria Bueno 4, Isidro Vitoria 5, Laura Toledo °,
Maria Luz Couce 7, Inmaculada Garcia-Jiménez 8, Ricardo Ramos-Ruiz °, Miguel Angel Martin 1°,
Lourdes R. Desviat 1, Magdalena Ugarte 1 Celia Pérez-Cerda !, Begoia Merinero 1 Belén Pérez 1+
and Pilar Rodriguez-Pombo 1*

1 Centro de Diagnostico de Enfermedades Moleculares, Centro de Biologia Molecular Severo Ochoa,

UAM-CSIC, CIBERER, IDIPAZ, 28049 Madrid, Spain; ibravo@cbm.csic.es (I.B.-A.);

rnavarrete@cbm.csic.es (R.N.); anaisabel.vega@scsalud.es (A.L.V.); prsala@cbm.csic.es (P.R.-S.);
Iruiz@cbm.csic.es (L.R.D.); mugarte@cbm.csic.es (M.U.); cpcerda@cbm.csic.es (C.P-C.);
bmerinero@cbmcsic.es (B.M.)

Unidad de Enfermedades Mitocondriales y Enfermedades Metabolicas Hereditarias, Hospital Universitario
12 de Octubre, CIBERER, 28041 Madrid, Spain; mgarciasilva@salud.madrid.org (M.T.G.S.);
emartinhernandez@salud.madrid.org (E.M.-H.); pilar.quijadaf@salud.madrid.org (P.Q.-F.)

3 Unidad de Enfermedades Metabdlicas Congénitas, Hospital Universitario Ramén y Cajal,
28034 Madrid, Spain; amaya.belanger@salud.madrid.org (A.B.-Q.);
sinziana.stanescu@salud.madrid.org (S.S.)

4 Dpto. de Pediatria, Hospital Universitario Virgen del Rocio, 28034 Sevilla, Spain; mbuenod@yahoo.es

5 Unidad de Nutricién y Metabolopatias, Hospital Universitario La Fe, 46026 Valencia, Spain;
vitoria_isi@gva.es

6

Servicio de Neurologia Infantil, Complejo Hospitalario Materno Insular,

35016 Las Palmas de Gran Canaria, Spain; mtolbra@gmail.com

7 Unidad de Enfermedades Metabdlicas, Hospital Clinico Universitario de Santiago, IDIS; CIBERER,
15706 Santiago de Compostela, Spain; Maria.Luz.Couce.Pico@sergas.es

Unidad de Enfermedades Metabolicas, Hospital Universitario Miguel Servet, 50009 Zaragoza, Spain;
igarciaji@salud.aragon.es

Unidad de Gendémica, Parque Cientifico de Madrid, 28049 Madrid, Spain; ricardo.ramos@fpcm.es
Laboratorio de Enfermedades Mitocondriales y Neuromusculares, Instituto de Investigacion del Hospital,
de Octubre, CIBERER, 28041 Madrid, Spain; mamcasanueva.imas12@h12o.es

*  Correspondence: bperez@cbm.csic.es (B.P.); mprodriguez@cbm.csic.es or pr.pombo@uam.es (P.R.-P.);
Tel.: +34-911-964-566 (B.P.); +34-911-964-628 (P.R.-P.)

10

Received: 8 October 2019; Accepted: 24 October 2019; Published: 1 November 2019

Abstract: Congenital lactic acidosis (CLA) is a rare condition in most instances due to a range
of inborn errors of metabolism that result in defective mitochondrial function. Even though the
implementation of next generation sequencing has been rapid, the diagnosis rate for this highly
heterogeneous allelic condition remains low. The present work reports our group’s experience of
using a clinical/biochemical analysis system in conjunction with genetic findings that facilitates
the taking of timely clinical decisions with minimum need for invasive procedures. The system’s
workflow combines different metabolomics datasets and phenotypic information with the results of
clinical exome sequencing and/or RNA analysis. The system’s use detected genetic variants in 64%
of a cohort of 39 CLA-patients; these variants, 14 of which were novel, were found in 19 different
nuclear and two mitochondrial genes. For patients with variants of unknown significance, the genetic
analysis was combined with functional genetic and/or bioenergetics analyses in an attempt to detect
pathogenicity. Our results warranted subsequent testing of antisense therapy to rescue the abnormal
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splicing in cultures of fibroblasts from a patient with a defective GFM1 gene. The discussed system
facilitates the diagnosis of CLA by avoiding the need to use invasive techniques and increase our
knowledge of the causes of this condition.

Keywords: congenital lactic acidosis; mitochondrial dysfunction; metabolomics datasets;
clinical-exome sequencing; RNA analysis; antisense therapy for mitochondrial disorders; healthcare;
mitochondrial morphology

1. Introduction

Congenital lactic acidosis (CLA) is a rare condition that is mainly due to a range of inborn
errors of metabolism that result in defective mitochondrial function. Lactic acidosis results from the
accumulation of lactate and protons in body fluids. A single elevated blood lactate event can have
adverse consequences; naturally, sustained hyperlactatemia has an even worse prognosis [1]. CLA is
associated with defects in the genes coding for enzymes involved in pyruvate oxidation, the Krebs
cycle and gluconeogenesis and is a hallmark of primary mitochondrial disorders (which can involve
any of ~1500 mitochondrial or nuclear genes). Since any organ or tissue can be affected by impaired
energy production, the associated symptoms and signs of CLA can be very varied and the diagnostic
workup is usually complex [2—4]. Certainly, the systematic screening of all target organs (heart, muscle,
brain, eyes, ear, liver, endocrine system, etc.) must be performed [5], which usually involves biopsies
being taken. In addition, the interpretation of the biochemical evidence provided by biomarkers is not
always straightforward. Elevated blood and cerebrospinal fluid (CSF) lactate are certainly diagnostic
clues that point towards CLA. Alterations in other biomarkers of mitochondrial disorders, such as
pyruvate, alanine or acyl-carnitines or cofactors such as free-thiamine or CoQ10 [6-8], contribute to
address the diagnosis of primary mitochondrial disorders, although are not fully specific and can be
detected associated to other secondary mitochondrial dysfunctions. That is the case of CoQ10 levels [8].
The use of a scoring system based on the Consensus of Mitochondrial Disease Criteria (MDC) [9] can
help, as can the use of novel computational diagnostic resources such as the Leigh Map [10] but a final
diagnosis always requires a genetic analysis be performed.

Next generation sequencing (NGS) has positively influenced diagnosis rates for all heterogeneous
genetic disorders. The use of extended gene panels, whole exome sequencing (WES), whole genome
sequencing (WGS) and RNA sequencing, has increased diagnostic yield of mitochondrial disorders
from 10%-20% in the pre-NGS era to close 50% in the NGS-era [11-14]. There is now a growing rational
for performing sequencing first [15] and treating biochemical analyses as a means of understanding
the clinical significance of genetic findings. Indeed, the present work confirms the diagnostic value
of combining biochemical profiling and targeted DNA and/or RNA testing to deliver information
that minimizes the need for invasive and/or more specialized biochemical tests that delay a diagnosis
being reached.

2. Experimental Section

2.1. Patients

The study subjects were 39 patients (18 males and 21 females, all neonates or infants) who together
provided a representative sample of the broad spectrum of clinical signs and symptoms of the patients
with suspected CLA referred to our laboratory between 1996 and 2017 (Table S1). All were clinically
suspected of having CLA but with different levels of supporting evidence (imaging, biochemical or
cellular functional assay results). Most of the patients” plasma and urine samples were profiled by
ion-exchange chromatography, gas-chromatography mass-spectrometry or high-performance liquid
chromatography/tandem mass spectrometry, checking for amino acids, urine organic acids and plasma
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acyl-carnitines and other metabolic studies [16,17]. The results were compared to those for healthy
controls but without specific matching for gender or nutritional status. Pyruvate carboxylase and/or
pyruvate dehydrogenase activity had already been measured in 23 of the 39 patients (Table S2) but
note these results were not used in the present analysis. Histochemical analyses of biopsy materials
and enzymatic analyses of mitochondrial respiratory chain complexes activity had not been performed
for most patients.

Written informed consent to include the patients in the study was provided by their parents.
The study protocol adhered to the Declaration of Helsinki and was approved by the Ethics Committee
of Universidad Auténoma de Madrid.

2.2. Genetic Analysis

2.2.1. Clinical Exome Sequencing

Genomic DNA was extracted from peripheral blood or fibroblast extracts using the MagnaPure
system (Roche Applied Science, Indianapolis, IN, USA) and subjected to massive parallel sequencing
using the Mumina® Clinical-Exome Sequencing TruSight™ One Gene Panel (Illumina, San Diego, CA,
USA) as previously described [18]. A minimum coverage of 30x was achieved for 95% of the target
bases (mean depth of coverage 115x).

2.2.2. Mitochondrial DNA Sequencing

DNA extracted from patient blood samples or skin fibroblasts was checked for large-scale
mtDNA rearrangements and mutations according to the Illumina Human mtDNA Genome Kit. VCF
files were generated and analysed using Human mtDNA Variant Processor and mtDNA Variant
Analyzer software (Illumina, San Diego, CA, USA) (https://blog.basespace.illumina.com/2016/02/25/
human-mtdna-analysis-in-basespace/). Sequence variants were annotated according to the MITOMAP
database [19]. The mtDNA-server platform (https:/mtdna-server.uibk.ac.at/index.html#!pages/home)
was used to detect heteroplasmy and to assign mtDNA haplogroups [20]. To detect deletions, the
mean coverage for the analysed intervals was calculated and normalized with respect to the mean
coverage for all the target intervals. Deleted intervals were then detected by comparing the normalized
mean coverage of the test sample with the mean coverage of the control samples.

2.2.3. Variant Prioritization and Pathogenicity Prediction of Nuclear DNA Variants

Candidate variants were filtered to be rare and disruptive to protein function. Variants were
considered rare when they appeared with a minor allele frequency (MAF) of <0.5% within the
GnomAD database. Variations shared by multiple patients were removed (since CLA is a rare
condition it is unlikely that the same variation would be shared by many people). The filtered
results only contemplated variants that affected a protein by their coding for a structural variation
or their provoking an ablation, deletion, frame-shift, start loss, splice site or stop gain. Filtering
also included the presence of gene variants previously associated with each patient’s phenotype and
which were annotated in the Human Gene Mutation Database (HGMD, professional version 2019.2)
https://portal.biobase-international.com/hgmd/pro/start.php. Although variants inconsistent with
a recessive mode of inheritance were initially filtered out, these samples were recovered if the changes
were located in genes known to cause congenital lactic acidosis. For missense changes, potential
pathogenicity was evaluated using the web platform VarSome (https://varsome.com/) [21]. This brings
together data from the dbSNP, ClinVar, gnomAD, RefSeq, Ensembl, dbNSFP, Gerp, Kaviar, CIViC
databases and runs the DANN, dbNSFP, FATHMM, MetaLR, MetaSVM, Mutation Assessor, PROVEAN,
GERP, LRT and MutationTaster-prediction programs. To complete the analysis of the impact of missense
changes on protein structure, function and conservation, the MutPred (http://mutpredl.mutdb.org/) [22]
and Panther (http://pantherdb.org/tools/csnpScore.do) [23] prediction programs were also used.
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Potential 3 and 5’ splice sites were analysed as previously described [24] using the default settings
of Alamut® Visual Interactive Bio v2.7.1 software. Those variants prioritized to be causal of CLA
were confirmed by conventional Sanger sequencing using the BigDye Terminator Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA), using both patient genomic DNA and that of the
progenitors if available.

The mutation nomenclature employed followed the Human Genome Variations Society Database
(HGVS v15.11. format) (http://www.HGVS.org/varnomen/). The DNA variant numbering system was
based on the corresponding cDNA sequence, taking nucleotide +1 as the A of the ATG translation
initiation codon in the reference sequence.

2.2.4. High-Density Genotyping

A genome-wide scan of 610,000 SNPs was conducted as previously described [25] at the Spanish
National Genotyping Centre (CEGEN, www.cegen.org) using the Illumina 610-Quad Beadchip Kit
(Ilumina, San Diego, CA, USA) according to the manufacturer’s recommendations.

2.2.5. mRNA Studies

500 ng of total RNA were extracted from dermal fibroblasts using the RNeasy Micro kit (Qiagen,
Hilden, Germany) and used as a template for reverse transcription PCR (RT-PCR), making use of the
NZY First-Strand cDNA synthesis kit (NZYTech, Lisbon, Portugal). PCR amplification was performed
using the PCR Supreme NZY Taq Il kit (NZYTech, Lisbon, Portugal) with primers designed to amplify
the full-length cDNAs according to the cDNA GenBank sequences listed below.

The abundance of full length or aberrant GFM1 transcripts was evaluated by massive parallel
sequencing of cDNA amplicons. Specific amplicons were generated employing primers that included
an extended tail (listed in Table S3) and used for library preparation. Libraries were completed by
2-step PCR using the Access Array Barcode Primers for Illumina Sequencers (Fluidigm Corporation,
San Francisco, CA), pooled and sequenced in MiSeq (Illumina) in paired-end format of 2 X 300, reaching
a depth of >50,000 reads.

2.3. Cellular Studies

2.3.1. Cell Culture

Control and patient dermal fibroblasts were grown under standard conditions in minimal essential
medium (MEM) containing 1 g/L of glucose supplemented with 2 mmol/L glutamine, 10% foetal bovine
serum (FBS) and antibiotics. The cell lines CC2509 (Lonza, Basle, Switzerland), NDHF (PromoCell,
Heidelberg, Germany) and GM8680 (Coriell Institute for Medical Research, Camden, NJ, USA) were
used as controls. Most experiments were performed when fibroblasts were at 80% confluence.

2.3.2. CoQ10 Measurement

Total CoQ10 was measured by liquid chromatography/tandem mass spectrometry (LC/MS/MS),
using CoQ9 as an internal standard, in extracts obtained from two 100 mm plates (P100) of fibroblasts
grown under standard conditions. Pelleted cells were resuspended in 125 uL of PBS and lysed by
three cycles of freezing/thawing in liquid N»/37 °C. Lowry’s protein measurement was then performed.
For the determination of CoQ10, 50 puL of CoQ9 (0.2 mg/L, internal standard) and 50 uL of 2 mg/mL
p-benzoquinone were added to 100 uL of a fibroblast suspension. After 15 min incubation at room
temperature, 850 uL of 1-propanol was added to the fibroblast suspension and centrifuged (12,000 rpm
for 15 min at 4 °C). Supernatants were transferred to a glass tube and evaporated to dryness under an N,
stream. Dried extracts were then resuspended in a water—1-propanol (2:8) solution. A calibration
curve was prepared with 0.2 mg/L. CoQ9 internal standard solution and concentrations of CoQ10
ranging from 0.002 to 1 ug/mL. Samples were injected into an Agilent 1290/AB Sciex 4500 LC/MS/MS
device. CoQ9 and CoQ10 were separated using a Symmetry C18 HPLC column (Waters, Milford,
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MA, USA) with a 2-propanol/methanol/formic acid (50:50:0.1) mobile phase and acquired by multiple
reaction monitoring in positive mode (CoQ9: 796/197, CoQ10: 864/197).

2.3.3. Cellular Oxygen Consumption

The cellular oxygen consumption rate (OCR) was measured using an XF24 Extracellular Flux
Analyzer (Seahorse Bioscience, Izasa Scientific) as previously described [26], except that 60,000
fibroblasts per well were seeded in XF 24-well cell culture microplates and 1 h before the assay the
growth medium was replaced with 700 pL of un-buffered fresh MEM medium with 0.5% FBS. After
taking an OCR baseline measurement, 50 uL of oligomycin, carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP), rotenone and antimycin A solutions were sequentially added to each well to
reach final working concentrations 6 uM, 20 uM, 1 uM and 1 uM respectively. Basal respiration was
measured without substrates. Oxygen consumption coupled to ATP production (ATP-linked) was
calculated as the difference between basal respiration and the proton leak state determined after the
addition of oligomycin. Maximum respiration was measured by stepwise 20 uM titrations of FCCP
and inhibition by rotenone and antimycin. Spare capacity was calculated as the difference between
maximum and basal respiration.

2.3.4. Mitochondrial Mass and Membrane Potential

Mitochondrial mass and mitochondrial membrane potential were determined by flow cytometry
using a BD FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA). Cells were loaded
with 50 nM MitoTracker green (MitoGreen, 37 °C, 30 min) (Invitrogen, Carlsbad, CA, USA) or 200 nM
TMRM (tetramethylrhodamine methyl ester, 37 °C, 30 min) (Thermo Fisher Scientific, Waltham, MS,
USA). Data were acquired using FACSDiva software (BD Biosciences, Franklin Lakes, NJ, USA). In each
analysis, 10,000 events were recorded.

2.3.5. Mitochondrial Isolation and Western Blotting

Mitochondria were isolated using the hypotonic swelling procedure as previously described [27].
Human dermal fibroblasts were harvested, resuspended in ice-cold isolation buffer (75 mM mannitol,
225 mM sucrose, 10 mM MOPS, 1 mM EGTA and 2 mM PMSF, pH 7.2) and subjected to centrifugation
at 1000x g for 5 min at 4°C. The cell pellet was then resuspended in cold hypotonic buffer (100
mM sucrose, 10 mM MOPS, 1 mM EGTA and 2 mM PMSE, pH 7.2; 5 mL of buffer/g of cells),
homogenized in a Dounce glass homogenizer and incubated on ice for 7 min. Cold hypertonic buffer
(1.25 M sucrose and 10 mM MOPS) at 1.1 mL/g of cells and twice the cell-mix volume of isolation
buffer plus 2 mg/mL of bovine serum albumin (BSA), were then added to the cell suspension. Cell
debris was removed by centrifugation at 1000x g for 10 min. Mitochondria were then collected
by further centrifugation at 10,000 g for 10 min at 4 °C. The pellet was resuspended in isolation
buffer without BSA and quantified by Bradford analysis. Mitochondria were denatured in Laemmli
buffer for 5 min at 50 °C. The samples were separated by SDS-PAGE and analysed by Western
blotting as previously described [28]. The primary polyclonal antibodies used were—anti-total OxPhos
(CI-NDUEFBS, CII-SDHB, CIII-UQCRC2, CIV-MTCOI and CV-ATP5A) (ab110413; Abcam, Cambridge,
UK) at a dilution of 1:250, anti-SDHA (1:5000, ab14715), anti-GFM1 (1:1000, ab173529, Abcam) and
anti-MTCO1 (1:1000, ab14705). Anti-GAPDH (ab8245, Abcam) and anti-citrate synthase (C5498, Sigma)
at 1:5000 were used as loading controls. Quantitative changes in band intensity were evaluated by
densitometry scanning using a calibrated GS-800 densitometer (Bio-Rad, Hercules, CA, USA).

2.3.6. Transmission Electron Microscopy

Electron microscopy imaging of cells was performed as previously described [29] using a Jeol
JEM-1010 (JEOL Ltd, Tokyo, Japan) electron microscope operating at 80 kV. Images were recorded with
a 4k CMOS F416 camera (TVIPS, Gauting, Germany). For the morphometric analysis of mitochondria,
the major and minor axes were measured of at least 50 mitochondria randomly selected from cells as

269



J. Clin. Med. 2019, 8, 1811

previously described [29]. The aspect ratio was defined as the major axis/minor axis [30]. The minimum
aspect ratio of 1 corresponded to a perfect circle.

2.3.7. Minigene Analysis and Morpholino Assay

For the in vitro evaluation of splicing alterations, a fragment of human GFM1 was cloned into
a pSPL3 minigene (Gibco BRL, Carlsbad, CA, USA). For this, gene fragments corresponding to 813 bp
of intron 5 of human GFM1 from patient or control fibroblasts were cloned into the pGEMT easy
vector (Promega, Madison, WI, USA). The inserts were then excised with the restriction enzyme
EcoRI and cloned into pSPL3. Automated DNA sequencing identified clones containing normal
and mutant inserts in the correct orientation. Two micrograms of the wild-type or mutant minigene
were transfected into COS7 using the JetPEI reagent (Polyplus Transfection, Illkirch, France). At24 h
post-transfection, the cells were harvested by trypsinization and the RNA purified with trizol. Splicing
minigene-derived transcripts were amplified and sequenced using the pSPL3-specific primers SD6
and SA2.

For the morpholino assay, a 25-mer morpholino (5-GATCACAATGCCATTCGCTCACCTG-3')
targeting NM_024996.5 GFM1 ¢.689+908G>A was designed, synthesized and purified by Gene Tools
(Oregon, USA). NM_000531.5, a 25-mer morpholino against OTC (ornithine carbamoyltransferase),
was used as a negative control. The Endo-Porter® delivery reagent (Gene Tools,) was used aid in the
transfection following the manufacturer’s recommendations. Some 250,000 fibroblasts from patient
Pt16 and from controls were seeded in a P100 and transfected with 0, 10, 20 or 30 uM of morpholino.
At 24 h, the cells were harvested for the extraction of total RNA and protein.

2.3.8. Statistical Analysis

Values are expressed as means + SEM of 'n’ independently performed experiments in cultured
cells. Differences between means were examined using the Student t test. Significance was set at
p < 0.05. All calculations were performed using GraphPad Prism 6 (GraphPad Software, La Jolla,
CA, USA)

3. Results

3.1. Biochemical Profile

The 39 individuals included in the study represent a heterogeneous patient population with
a clinical suspicion of congenital lactic acidosis (neonatal or early childhood onset). Table S1 shows the
main clinical features for each patient, annotated using Human Phenotype Ontology (HPO) terms.

For metabolic profiling, amino acid, organic acid and acyl-carnitine metabolomics were examined.
Blood lactic acid concentrations at diagnosis ranged from 3.7 to 30 mM and an >2X increase in alanine
was detected in 10 samples. Urinary organic acids were very consistently raised, with increases in
a-hydroxybutyrate detected in 25 urine samples, para-hydroxy-phenyl-derivatives (4-OHphenyl-lactic,
4-OHphenyl-pyruvate or 4-OHphenyl-acetic acids) detected in 19 samples and TCA cycle intermediates
detected in 14. Other metabolites such as 3-OH propionic, 3-OH isovaleric or methyl-citrate, 2- or
3-OHglutaric, 3-methylglutaric (SMGA) and 3-methylglutaconic (3-MGC) acids and dicarboxylic acids
such as adipic 2-OH and 2-keto adipic acid, also appeared increased although less so. Finally, plasma
acyl-carnitines of different chain-lengths showed increases over normal in 10 out of the 26 samples
analysed. Since most of these metabolites could reflect immediate or downstream disturbances related
to a redox-unbalance compatible with mitochondrial dysfunction, patients were considered to be likely
suffering a mitochondrial disorder. To arrive at this result, patients” biochemical and clinical data
were used to score the likelihood of mitochondrial disease being present according to the modified [9]
Nijmegen system (mitochondrial disease criteria (MDC)) [2]. Scores of >8 indicate a definite disorder,
5-7 a probable disorder, 2—4 a possible disorder and below 2 no disorder (Table S2). The MDC
distribution was as follows—36% (14/39) had a definite disorder, 46% returned a score indicating
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a probable disorder (18/39) and 15% (6/39) a score indicating a possible disorder. One patient remained
unclassified (missing data). Neither increases in the metabolites thought linked to disturbances of
mitochondrial fatty acid 3-oxidation (such as acyl-carnitines), nor 3-OH isovaleric or 3-OH propionic
related to branched-chain amino acid catabolism, nor muscle histology, nor OxPhos proteins were
contemplated in the above MDC scoring.

3.2. Genetic Analysis

The genetic analysis followed three steps—(1) massive parallel sequencing of the clinical exome
to identify pathogenic mutations in nuclear genes, (2) mitochondrial DNA analysis, (3) RNA analysis.

3.2.1. DNA Sequencing of Nuclear Genes

In 24 of the 39 patients analysed, massive-parallel sequencing of the clinical exome identified
33 nucleotide sequence variations in 19 different nuclear genes. Seventeen corresponded to genes
known to cause CLA—PDHAI and PDHX, related to pyruvate metabolism; PHKA2 related to
glycogen storage diseases; ACADY, BCS1L, DGUOK, COQ2, FOXRED1, FARS2, GFM1, MRPS22,
PDSS1, TMEM70, TRMU and TSFM, all responsible for primary mitochondrial diseases; and DLD and
SLC19A3 related to multiple mitochondrial enzyme complex deficiencies. The remaining two were in
the non-CLA-related genes NPHS2, responsible for nephrotic syndrome type 2 and SLC16A1, which
encodes a monocarboxylate transporter (MCT1), that mediates the movement of lactate and pyruvate
across cell membranes. In total, seven patients had homozygous variants and 11 more were potentially
compound heterozygous. A further three patients carried hemizygous (two boys) or heterozygous
(one girl) mutations in the X-linked genes PHKA2 or PDHA1 (Table 1). This first massive parallel
sequencing analysis also returned three patients (Pt16, Pt19 and Pt21) with a single nucleotide change
in three other genes—GFM1, DLD and PDHX—Likely to be involved with CLA. Sanger sequencing
validated all the nucleotide changes identified by NGS and confirmed the segregation pattern in family
members when samples were available.

Of the 33-nucleotide sequence variations identified, 19 appeared in the Human Gene Mutation
Database (HGMD, professional version 2019.2) (https://portal.biobase-international.com/hgmd/pro/
all.php); the other 14 were novel. Table 2 lists the variants identified after NGS analysis along with
the criteria for their classification according to the joint consensus recommendation of the American
College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology [31].
For all novel changes, the in-silico predictions were inconclusive (Table 2 and Table S54).
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Table 2. Analysis of variants identified by massive-parallel sequencing and pathogenicity status.

Gene Variant/ ACMG Tags Classification HGM.D gnomaD
Consequence Accession
¢.359delT PVS1, PM2, PP1, .
ACAD9 (p.Phel20Serfs*9) PP5 Pathogenic CD153914 0.0001042
c473C>T PM2, PM3, PP1, Likely
ACADI (p.Thr158Ile) PP3 pathogenic B 0
BCSIL c.166C>T PS3, PM4, PP3, PP5 Likely CM022763  0.0001626
(p-Arg56Ter) pathogenic
BCSIL C‘-léf?A;G PM2 PM3, PP5 vuUs CS098028 0
¢.1197delT PM2, PM3, PM4, Likely
coQ2 (p-Asn4011lefs*15) PP5 pathogenic CD071308 12175
coQ? c.163C>T PM2, PM3, PM4, Likely ) 0
(p.Arg55Ter) PP1PS3 pathogenic
¢.763_766dupGATT PM4, PM2, PM5, Likely
beuok (p.Phe256Ter) PS3, PP5 pathogenic Cl034484 2.031e5
c. 259C>T PM2, PM3, PP2,
DLD (p-Pro87Ser) PP3, PP4 Vs ) 0
c.647T>C
DLD (p.Met216Thr) PM2, PP2, PP3 vus - 0
C.788G>A
DLD (p.Arg263Hys) PM3, PP3 VuUs - 0.000817
c.946C>T PM2, PM4, PP3, Likely
bLD (p.Arg316Ter) PP4 pathogenic ) 1.63¢-05
c.737C>T . .
FARS2 (p.Thr246Met) BS2, BP6 Likely benign - 0.004064
¢.1082C>T
FARS2 (p-Pro361Leu) PP3 VUs CM1718796 0.0001339
c.628T>G
FOXRED1 (p-Tyr210Asp) PM2, PP3 VUS - 0
c.1273C>T
FOXRED1 (p-Hisd25Tyr) PM2, PP3 VUs - 0
c.1404delA .
GFM1 (p.Gly469Valfs*84) PVS1, PM2, PP5 Pathogenic CD154422 1.635e-5
c.2011C>T PM2, PM3, PP2, Likely
CEMI (p-Arg671Cys) PP3, PP5 pathogenic CM11881 7216e-5
¢.1032_1035dupAACA .
MRPS22 (p.Leu346Asnfs*21) PVS1, PM3, PP5 Pathogenic CI152171 9.028e-5
¢.509G>A PM2, PM3, PP3, Likely
MRPS22 (p.Arg170His) PP5 pathogenic CM076316 7.221e-5
c413G>A
NPHS2 (p.Arg138GIn) PP2, PP3, PP5 vus CMO000581 0.0005739
¢.506C>T
PDHA1 (p.Ala169Val) PM2, PP2, PP3, PP5 vus CM091028 0
c.787C>G PM2, PM5, PS3, .
PDHA1 (p.Arg263Gly) PS4, PP2, PP3, PP5 Pathogenic CM920573 0
c.965-1G>A PVS1, PM2, PM3, .
PDHX (p.Asp322Alafs*6) PP3, PP5 Pathogenic (CS024024 4.11e-6
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Table 2. Cont.

Gene Variant/ ACMG Tags Classification HGM.D gnomaD
Consequence Accession
c.716T>G PM2, PP3 (PS3 -
PDsS1 (p.Val239Gly) Likely path) vus - 0
.1183C>T ]
PDSS1 (p.Arg395Ter) PM2, PM4, PP3 Pathogenic - 4.064e-6
c.1246G>A
PHKA2 (p. Gly416Arg) PP3, BP6 Vus - 0.00432
c.747_750delTAAT .
SLC16A1 (p.Asn250Serfs*5) PVS1, PM2, PP5 Pathogenic CD1411339 8.123e-6
c20C>A PM2, PM3, PM4, Likely
SLC19A3 (p-Ser7Ter) PP4, PP5 pathogenic CM131528 0
TMEM?70 €317-2A>G PVS1, PM2, PP1, Pathogenic CS084884 7.605e-5
P2 PP5
¢.1041_1044dupTCAA .
TRMU (p.Asp349Serfs*58) PVS1, PM2, PP5 Pathogenic CD155923 1.219e-5
¢.680G>C
TRMU (p.Arg227Thr) PM2, PM3, PP3 Vvus - 1.624e-5
c.782G>C Likely
TSFM (p. Cys261Ser) PS3, PM2 pathogenic CM170018 4.188e-6
TSFM c848G>A PM2, PP3 vUs - 5.889-5

(p. Gly283Asp)

The DNA variant numbering system was based on the cDNA sequence. Nucleotide numbering uses +1 as
the A of the ATG translation initiation codon in the reference sequence, with the initiation codon as codon
1. Tags for classifying missense changes are those according the American College of Medical Genetics and
Genomics (ACMG,). Classification was accomplished using the VarSome web platform. Accession number from
HGMD® Professional 2019.2 (https://portal.biobase-international.com/hgmd/pro/start.php?) and allele frequency
from https://gnomad .broadinstitute.org/ are also included.

For the three patients with single heterozygous changes, an extended genomic analysis of large
heterozygous deletions was performed using Integrative Genomics Viewer (IGV) software v2.3.98
to analyse the reads of candidate genes visually, along with high-density genotyping. For Pt21,
high-density SNP array analysis identified, in heterozygous fashion, a large deletion in chromosome
11 region q14.1 (g.34984192-34988219, Gh37) encompassing part of intron 5-6 and exon 6 of PDHX.
This was also detected in mRNA analysis (r.642_816del). No large deletions were identified in either
Pt16 or Pt19.

3.2.2. Whole Mitochondrial DNA Analysis

Whole mtDNA sequencing was performed for all patients with no putative genetic diagnosis.
The deep coverage inherent to this next-generation sequencing system enabled the detection of
low-level heteroplasmy. In two of the analysed patients, we identified two previously reported
changes—the m.8719G>A (p.Gly65Ter) in MT-ATP6 that was found in homoplasmy and the
m.13513G>A (p.Asp393Asn) in MT-NDb5 gene that results in a 28% of heteroplasmy (Table 1).

In summary, the nuclear (by clinical exome) and mitochondrial DNA analyses returned 24 patients
with likely causative changes in either nuclear (22) or mitochondrial genes (2). Two other patients
showed a single variation in a strong candidate gene. For the remaining 13 patients, no genetic cause
could be identified.
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3.2.3. RNA Analysis Helped Diagnose Patients and Can Be Used as Proof of Concept of
Personalized Therapies

To complement the exome-based molecular analysis and to improve the interpretation of certain
genetic variants, two patients’ RNAs (Pt15 and Pt16) were scanned for possible aberrant transcripts.
Pt15 had two single nucleotide variants in FARS2 gene, the c.737C>T (p.Thr246Met) (predicted as
benign) and the previously described ¢.1082C>T (p.Pro361Leu) but DNA analysis could not confirm
the presence on different alleles; Pt16 bore the heterozygous c.2011C>T change in exon 16 of GFM1; the
second variant was unknown. The lack of fibroblasts for Pt19 hampered any viable DLD RNA analysis.

For Pt15 (Figure 1A), cDNA analysis detected a full-length transcript containing both point
changes in homozygous fashion (transcript 1) and another smaller transcript (r.49_904del) that skipped
the region encompassing part of exon 2 to exon 5 (transcript 2) (Figure 1B). Thus, the genotype at the
mRNA level was r.(737c>u;1082c>u); (49_904del).

A , c.73TC>T/\ A /\m 082C>;\
N AN *
Farsz gona [IEHIIEZH UTR

B €T P15

 —

! r.737u r.1082u
— e T Transcript 1 * ¥

r.1082=
|
359 pb Transcript 2
r.49_904del

Figure 1. Aberrant splicing of FARS2 in Pt15. (A) Diagram of the human FARS2 gene. Red stars depict
the location of nucleotide variants identified. (B) Agarose gel showing the results of reverse transcription
polymerase chain reaction (RT-PCR) amplifications in control (CT) and patient (Pt) fibroblasts.

For Pt16, Sanger sequencing of the RT-PCR products generated using primer combinations to
amplify the complete coding sequence in two overlapping fragments (F1 and F2) (Figure 2A) detected
a complex profile compatible with the presence of different transcripts. Subsequent sequence analysis
of the cloned RT-PCR products confirmed the presence of different transcripts (Figure 2B). Transcript
1 (from the F1 fragment) contained 57 bp of the intronic sequence between exons 5 and 6 of GFM1.
Transcript 2.1 (from the F2 fragment) was full-length and contained the variant r.2011t (F2.1). Transcript
2.2 (from F2 fragment) skipped exon 16.

Computational tools used to analyse the impact of the change ¢.2011C>T on splicing events
predicted a loss of an enhancer site and the activation of a silencer that would affect the binding
of splicing regulatory factors SF2/ASF at position ¢.2007 resulting in the splicing of exon 16. The
massive sequencing of cDNA and the quantization of total reads corresponding to transcripts with
junction 15-17 (skipped transcript T2.2) and to full-length transcripts from controls and Pt16 fibroblasts,
showed a doubling of the presence of the aberrant T2.2 in the latter patient’s cells. Low levels of
the skipped isoform were detected in control fibroblasts (Figure 2C). If the product of this mutant
transcript, r.(1910_2070del) were translated it would lead to a frameshift creating a premature stop
codon, p.(Ala637Glyfs*5), with a likely impact on EFG1 protein synthesis or stability.

The origin of the aberrant transcript containing 57 bp of the intronic sequence of intron 5 of
GFM1 was also determined and the change c.689+908G>A identified at DNA level. This change
was previously proposed as responsible for the activation of a cryptic splice site and the creation of
a new exon already present in the GFM1 isoform ENST00000264263.9 (Figure S1A) [32]. Segregation
pattern analysis of the progenitors” DNA corroborated the presence of ¢.689+908G>A and ¢.2011C>T in
different alleles (Figure S1B). The final confirmation of the direct involvement of change ¢.689+908G>A
in the inclusion of the 57 bp intronic sequence was obtained by minigene analysis using a recombinant
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pSPL3 construct containing 813 bp of the intronic 5-6 sequence. Transcriptional profile analysis of the
recombinant mutant plasmid showed the 57 bp transcript seen in patient Pt16 fibroblasts (Figure S1C).
No pseudo-exon inclusion was detected in control cells. Western blot analysis of the EGF1 protein
encoded by GFM1 in patient Pt16’s cells showed a drastically reduced amount of protein (Figure S1D).

A F1 B Cloning of PCR products
i 145 T - D
:\,‘ ’vTﬁEESE(A( T T 6 & ¢ A 6 [T © A 6 AT
—»> <« X i Ex6
25 2AS
L J
T
F1 F2 F2
CT Pt16 CT Pt16

7 >1598 pb T1 T21

o - = 159800 T2
—> 1476 pb T2.2

Cc
B
PH6 T2.2
crz
cm
‘ i 100

50

MR- SkIgpIole (5! Mg r1910_2070del
Figure 2. Aberrant splicing of GFM1 in Pt16. (A) Diagram of GFM1 cDNA with primers (arrows) used
to amplify the complete coding region in two overlapping (F1 and F2) fragments. Agarose gel showing
the results of RT-PCR amplifications in control (CT) and patient (Pt) fibroblasts. (B) Cloning of F1
and F2 PCR products and Sanger sequencing of regions around the nucleotide variations detected.
(C) Distribution of reads. Data represent the percentage of GFM1I transcript reads with exon 16 skipped
(stripped bars) and full length (filled bars). Read numbers were 41,758 for Pt16, 13,581 for CT1 and
16,718 for CT2.

3.2.4. Antisense Oligonucleotide Treatment Rescues the Aberrant Splicing Event Caused by the
Intronic Variant GFM1 ¢.689+908G>A

In an attempt to block mutant pre-mRNA access to the splicing machinery and to try to circumvent
the formation of the aberrantly spliced transcript associated with change ¢.689+908G>A, tests were
made of the ability of an antisense morpholino oligonucleotide (AON) to overlap the c.689+908G>A
variation (Figure 3A). Transfection with 10 M of the AON restored the correct splicing of GFM1 in
Pt16 fibroblasts carrying the deep-intronic variant in heterozygous fashion (Figure 3B). The AON did
not alter the normal splicing of GFM1. Upon AON delivery, the level of EGF1 was partially restored as
should correspond to the heterozygous condition of the intronic change (Figure 3C).
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DOODD — % 7w
a o ——

CT Pt16

R . # 10 20 30 GAPDH m

e

302 bp
245 bp

Figure 3. Antisense morpholino oligonucleotide-based pseudoexon skipping efficacy. (A) Diagram of
the pseudoexon insertion caused by ¢.689+908G>A and the predicted effect of the antisense morpholino
oligonucleotide (AON). Inset showing location and sequence of the 25mer AON. (B) Representative
image of the RT-PCR product from mutant (Pt16) and wild type (CT) cells, non-transfected (-) and
transfected with 10 M of non-target control (#); or in the presence of different concentrations (0 to 30
uM) of GFM1-specific AON. (C) EFGI rescue upon treatment with 10 uM of non-target control (#) or
GFM1-specific AON.

3.3. Functional Studies in Patients with Novel Genotypes

3.3.1. Biochemical Confirmation of Genetic Data

The pathogenicity of the changes in DLD carried by patients Pt18 and Pt35 was assessed by
the direct measurement of dihydrolipoamide dehydrogenase activity in fibroblasts (see Table S2).
The activity in the patients’ cells was respectively 3% and 10% that of control cells.

CoQ10 levels were measured in the fibroblasts of patients Pt9 and Pt10, who carried changes in
COQ2 and PDSS1 (both of which code for enzymes in the CoQ10 synthesis pathway). Reductions of
76% (11.9 + 1.3 pmol/mg prot) were recorded for Pt9 and of 91.5% (4.2 + 1.5 pmol/mg prot) for Pt10,
both compatible with the available genotype data. Control values were 49.6 + 10.8 pmol/mg protein.

3.3.2. Mitochondrial Respiration and OxPhos Protein Analysis Confirmed Mitochondrial Dysfunction

For patients Pt15, Pt8, Pt2 and Pt10 carrying novel alleles in FARS2, TSFM, FOXRED1 and PDSS1
that could potentially provoke alterations in oxidative phosphorylation, assessments of possible
mitochondrial dysfunction were made in terms of alterations in the OCR, mitochondrial membrane
potential, OxPhos proteins and mitochondrial ultrastructure. Figure 4A shows a significant reduction
detected in the ATP-linked oxygen consumption ratio, maximal OCR and reserve capacity for all patient
fibroblasts. The ratio of red (TMRM) to green (MitoTracker®green) staining in fibroblasts corroborated
a significant reduction in mitochondrial membrane potential in the cells of Pt8 and Pt10 (Figure 4B).
In agreement with the oxygen consumption data, SDS-PAGE showed reduction in several OxPhos
proteins (Figure 4C). The mitochondrial-encoded MTCO1 protein appeared reduced in mitochondrial
extracts from the fibroblasts of patients Pt15 (FARS2) and Pt8 (TSFM) and the nuclear-encoded subunit
of complex I, NDUFBS, was reduced in Pt15 (FARS2) and Pt2 (FOXRED1). Finally, and contrary to that
previously reported [32,33], the mitochondrial extracts of Pt8 (TSFM) showed reduced amounts of all
representative OxPhos proteins, except for complex V.
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Figure 4. Bioenergetics of congenital lactic acidosis (CLA)-patients’ fibroblasts.

Red/Green intensities

0.5

O

T

15 (FARS2)
Pt8 (TSFM)

Pt2 (FOXRED1)
Pt10 (PDSS1)

(NN
°

»
1

w
1

N
N

-
1

=)
I

304

20+

ATP-linked Rmax Spare

[ -Fccp
+FCCP

| .

[

CT Pt15 Pt8 Pt2 Pt10

CcT

c S ot o o0 o°

ATP5A - CV
UQCRC2 - Clil

MTCOI - CIV
SDHB - Cll

NDUFBS - CI

MTCOI

SDHA

(A) Oxygen

consumption rates. The data shown are for ATP-production-dependent maximal respiration (Rmax)
and spare capacity (spare). Results are expressed as fold over the control concentrations and are the
mean =+ SD of 3-5 wells from #n = 2-3 independent experiments. Control values are the means of two
different control cell lines. (B) Flow cytometry analysis of mitochondrial mass (Mitotracker green) and
membrane potential (TMRM staining) in the absence/presence of carbonyl cyanide-4-(trifluoromethoxy)
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phenylhydrazone (FCCP). Results are the means of three independent experiments. (C) Western blots
for representatives of all five respiratory complexes. Anti-MTOCI1, anti-SDHA and anti-citrate synthase
were also included. (D) Electron microscopy images showing defects of mitochondrial ultrastructure
and cristae organization in patient fibroblasts. Mitochondrial length was analysed in control (CT)
and patient (Pt) fibroblasts. Mitochondrial enlargement is expressed as the aspect ratio (major/minor
mitochondrial axis ratio). Student ¢ test (* p < 0.05; ** p < 0.01; *** p < 0.001).

Transmission electron microscopy of the fibroblasts of patients Pt15, Pt8, Pt2 and Pt10 (Figure 4D)
revealed the predominant presence of loose cristae, a condition compatible with changes in respiration
capacity. Patients Pt8 and Pt15 also had a significant number of elongated mitochondria.

4. Discussion

This study reports how the combination of targeted-exome DNA sequencing, mtDNA analysis and
functional genetics analysis identified genetic variants likely causal of CLA in 25 out of 39 patients (64%).
All had a biochemical hallmark of persistent lactic acidosis and metabolites mostly related to downstream
effects of an altered NADH/NAD+ redox status [6], the concentrations of which correlated with the blood
lactate concentration. Based on their clinical and biochemical data, all patients received MDC scores
and their nuclear and mitochondrial DNA was examined to identify genes and nucleotide variations
likely responsible for pathological phenotypes. In this way, potentially biallelic changes were identified in
19 nuclear genes, 17 in genes related to congenital lactic acidosis and two in unexpected genes. Another
two patients carried changes in their mitochondrial DNA compatible with their disease phenotype [34,35].

Before reporting the results of the diagnostic genetic testing to the corresponding clinicians,
several lines of diagnostic evidence were taken into account. One was whether there was a confirmed
causal link between a defective gene and patient phenotype. For patients Pt33, Pt5, Pt17, Pt6, Pt4, Pt3
and Pt34 carrying changes in BCS1L, DGUOK, GFM1, MRPS22, TMEM70, MT-ATP6, MT-NDb, the
changes identified had been previously described associated with mitochondrial disorders and most of
them shared phenotypic features with other patients previously reported [36-39]. The same occurred
with patients Pt36, Pt39 who carried changes in SLC19A3 and patients Pt12, Pt20 and Pt21 who had
mutations in genes coding for subunits of the pyruvate dehydrogenase complex. Protein-specific
functional analysis provided another line of evidence, as did the direct assay of enzymatic function
in dermal fibroblasts. The latter corroborated the disease-causing nature of the nucleotide variations
identified in patients Pt18 and Pt35 who carried biallelic changes in DLD. Further evidence was
supplied by the re-phenotyping of patients to identify specific characteristics associated with defined
biochemical phenotypes or by establishing a mitochondrial bioenergetics dysfunction related to the
genes and changes identified. Thus, the reduced COQ10 measured in the fibroblasts of patients Pt9 and
Pt10 carrying biallelic changes in COQ2 and PDSS1 respectively, helped confirm the deficient synthesis
of coenzyme COQI10 in their fibroblasts. Because CoQ10 synthesis or thiamine transport defects are
treatable conditions in which early diagnosis is essential to improve the clinical outcome [7,40,41],
patients with them were immediately treated.

Access to a disease-relevant tissue is a problem in mitochondrial dysfunction analyses but
epidermal fibroblasts have been reported to show potential in functional evaluations of many
mitochondrial diseases [14,33,42]. In line with its role in electron transport, functional data from the
fibroblasts of Pt15, Pt8, Pt2 and Pt10 confirmed the presence of impaired mitochondrial respiration
and reduced amounts of representative OxPhos proteins. Thus, the diminished MTCO1 seen
in patients carrying nucleotide changes in FARS2 and TSFM reflect the reduced function of the
transcription/translation mitochondrial machinery. The reduction in NDUFBS8 protein, observed
in mitochondrial extracts from patients with changes in FOXRED1, FARS2 or TSFM might reflect
the instability of this protein when not incorporated into OxPhos complex I [43]. Similar patterns
have been reported in other patients with mutations in FARS2 and FOXRED1 [42,44]. Finally, the
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ultrastructure and morphology of the mitochondria and their cristae agreed with a possible alteration
in mitochondrial bioenergetics function.

The present exome analysis also returned some unexpected results. For example, in patients Pt11
and Pt22, who met the criteria for mitochondrial disease with relatively high MDC scores, DNA analysis
identified biallelic changes in NPHS2 and SLC16A1, which might be a phenocopy of mitochondrial
disease. In Pt22, respirometer tests (Figure S2) detected a notable decline in fibroblast respiratory variables
compatible with mitochondrial dysfunction. However, not even whole exome sequencing returned
positive results in terms of putative mutations related to mitochondrial disorders (data not shown).

The present work detected one patient, Pt16, with a single variation in a strong candidate gene
and another patient, Pt15 with a possible deficiency in FARS2 but with a nucleotide variant predicted
to be benign and that did not correlate with the severity of the existing protein defect. In both patients,
transcript analysis identified aberrant splicing events, probably due to disruptions of the consensus
splice-site signals or to an effect on the splicing elements within the pre-mRNA. This analysis also
returned important results concerning the relationship between genotype and phenotype. Thus,
for patient Pt15, the new genotype deciphered by transcriptomic analysis better matched the drastic
mitochondrial dysfunction observed in this patient’s fibroblasts. For Pt16, in addition to characterizing
the second mutation in the GFM1 gene, an aberrant and probably unstable mRNA that skipped exon
16 was identified associated to the c.2011C>T (p.Arg671Cys) change. If translated it would produce
a truncated p.(Ala637Glyfs*5) protein. Until this finding was made, the most plausible cause of the
total absence of EFG1 in the fibroblasts of patients carrying the p.Arg671Cys change [33,39] was the
disruption of the inter-subunit interface of the protein; this would locally destabilize the mutant protein
resulting in its absence [45]. The present results, which increase the number of variants within exons
causing disruptions in normal mRNA processes [46], shed new light on the effect of the nucleotide
change on EFGI expression and stability and highlight the importance of evaluating the effect of
genomic variants on splicing as an integral part of the diagnostic work-up.

Overall, a genetic diagnosis was reached for 25 of the present 39 patients, obviating the need for
muscle or hepatic biopsies and so forth. The highest percentage of positive results were obtained in
patients with a definite mitochondrial disease, highlighting the importance of combining metabolomic,
genetic and phenomic data in arriving at a diagnosis (Table 1). Although in this study, patients were
initially selected based on their clinical and biochemical data, the present results support a “genome
first approach” [15] be followed. In other words, genetic analyses should come first and the results of
biochemical analyses and so forth, should be used in the interpretation of the genetic results.

The present work also reports the efficacy of antisense oligonucleotide therapy for rescuing normal
splicing of the cryptic splice site generated by GFM1 c.689+908G>A in patient fibroblasts. Easy to
design and highly specific, antisense oligonucleotides have been used as RNA-modulators in cellular
models of several genetic disorders [47] including ISCU myopathy [48]. The challenge is always to
achieve the safe and efficient delivery of the therapeutic oligonucleotide to the required tissues.

5. Conclusions

The discussed system facilitates the diagnosis of CLA while greatly restricting the need to use
invasive techniques and increases our knowledge of the causes of this condition. Identification
of the genetic cause can also facilitate genetic counselling and guide the design of personalized
therapeutic strategies.
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Abstract: PNPT1 (PNPase—polynucleotide phosphorylase) is involved in multiple RNA processing
functions in the mitochondria. Bi-allelic pathogenic PNPT1 variants cause heterogeneous clinical
phenotypes affecting multiple organs without any established genotype—phenotype correlations.
Defects in PNPase can cause variable combined respiratory chain complex defects. Recently, it has
been suggested that PNPase can lead to activation of an innate immune response. To better understand
the clinical and molecular spectrum of patients with bi-allelic PNPT1 variants, we captured detailed
clinical and molecular phenotypes of all 17 patients reported in the literature, plus seven new patients,
including a 78-year-old male with the longest reported survival. A functional follow-up of genomic
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sequencing by cDNA studies confirmed a splicing defect in a novel, apparently synonymous, variant.
Patient fibroblasts showed an accumulation of mitochondrial unprocessed PNPT1 transcripts, while
blood showed an increased interferon response. Our findings suggest that functional analyses of the
RNA processing function of PNPase are more sensitive than testing downstream defects in oxidative
phosphorylation (OXPHPOS) enzyme activities. This research extends our knowledge of the clinical
and functional consequences of bi-allelic pathogenic PNPT1 variants that may guide management and
further efforts into understanding the pathophysiological mechanisms for therapeutic development.

Keywords: mitochondrial; PNPT1; PNPase; interferon; OXPHOS; respiratory chain; mutation;
splice defect

1. Introduction

PNPT1 encodes for polynucleotide phosphorylase (PNPase), a conserved homotrimeric 3’-to-5"
exoribonuclease predominantly localized in the mitochondrial matrix and intermembrane space [1].
It is primarily involved in mitochondrial RNA (mtRNA) processing and degradation [2].

PNPase has been suggested to play a role in RNA import into mitochondria [3,4]; however,
experimental data have been contradictory and, to date, there is no general agreement about an RNA
import mechanism [5]. Recent reports suggest that disrupted PNPase RNA processing could lead to
the accumulation of double-stranded mtRNAs, with the possibility of triggering an altered immune
response [6,7].

Patients with bi-allelic PNPT1 pathogenic variants have shown wide clinical heterogeneity
ranging from non-syndromic hearing loss to multisystemic Leigh syndrome [8,9]. To date, no clear
phenotype—genotype correlations have been drawn.

In a bid to better understand the clinical phenotype and functional consequences of patients with
PNPT]1-related diseases, we reported seven new patients with bi-allelic PNPT1 variants and expanded
upon the mutational spectrum. We also conducted functional studies and performed a thorough
clinical review of previously published patients with PNPT1 variants [6,8-13].

2. Experimental Section

2.1. Patients

We report seven new patients (P1, 2, 3, 3.2, 4, 7, 8) with bi-allelic variants in PNPT1, and provided
updates for three previously published cases (P5, 6, 9). We also conducted a PubMed search using
the terms PNPase (All Fields) OR (PNPT1 (All Fields) AND (“persons” (MeSH Terms) OR “persons”
(All Fields) OR “individual” (All Fields))) up to September 2019 for publications limited to human
subjects to describe the clinical features of all the patients with bi-allelic PNPT1 pathogenic variants
reported in the literature to date [6,8-13].

Functional studies were conducted in samples collected from four patients (P1, 2, 3, 4) in which
the PNPT1 variants were identified by whole genome sequencing (WGS; Garvan Institute, Sydney)
or whole exome sequencing (WES; Victorian Clinical Genetics Services (VCGS), Melbourne; Broad
Institute, Cambridge, MA, USA; and Baylor College of Medicine, Houston, TX, USA).

This study was performed in accordance with the Helsinki Declaration and ethical standards of the
responsible ethics committees. The project was approved by the Human Research Ethics Committees
of the Sydney Children’s Hospitals Network (ID number HREC/10/CHW/114), Melbourne Health
(ID number HREC/16/MH/251), and the Royal Children’s Hospital (ID number HREC/16/RCHM/150).

286



J. Clin. Med. 2019, 8, 2020

2.2. Next Generation Sequencing (NGS) and in Silico Tools

The variants in P1 were identified through whole exome sequencing (WES) performed by the
Genomics Platform at the Broad Institute of Harvard and MIT (Broad Institute, Cambridge, MA,
USA). The variants in P2 were identified through trio whole genome sequencing (WGS) performed at
the Kinghorn Centre for Clinical Genomics (Garvan Institute, Sydney) as previously described [14].
The variants in P3 and P4 were identified through WES performed at Victorian Clinical Genetics
Services (VCGS), Melbourne. P7 and P8 variants were identified through WES performed at Baylor
College of Medicine, Medical Genetics Laboratories, Whole Genome Laboratory (Houston, TX, USA).

In silico prediction analyses were performed using PolyPhen-2 [15], SIFT [16], Combined
Annotation Dependent Depletion CADD [17], MutationTaster [18], and Human Splicing Finder v3.1[19].
Visualization of variants in the Pfam [20] protein domains was conducted with MutationMapper [21].
Allele frequencies were determined using the Genome Aggregation Database [22].

2.3. Western Blotting

Fibroblast protein extraction and Western blotting were performed using total Abcam OXPHOS
human WB antibody cocktail (ab11041) and PNPase (ab96176) as previously published [10].

2.4. Mitochondrial Oxidative Phosphorylation (OXPHOS) Enzyme Activities

Spectrophotometric analysis of OXPHOS enzyme activities in muscle and fibroblasts was
performed as previously described [23]. The mitochondrial respiratory chain complex I (CI) and
complex IV (CIV) dipstick activity assays (Abcam, Melbourne, VIC, Australia) were performed using
15 pg of whole-cell lysates fibroblasts as previously published [10].

2.5. Fibroblast Culture, RNA Extraction, and Complementary DNA (cDNA) Studies

Cycloheximide treatment of cultured fibroblasts from P2 and controls was performed as
published [24]. Cultured fibroblasts from patients P1, P2, P3, and P4, and three control lines were
incubated in the presence or absence of 100 U/mL interferon «-2a Roferon-A (Roche, Sydney, Australia)
in HyClone Dulbecco’s Modified Eagle Medium (GE Healthcare, Rydalmere, NSW, Australia) at 37 °C
and 5% CO, for 24 h.

RNA was isolated from fibroblasts using the RNeasy Plus kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. Reverse transcription was performed using SuperScript III First-Strand
synthesis kit (Thermo Fisher Scientific, Carlsbad, CA, USA) following the manufacturer’s instructions.

2.6. RNA Extraction from Blood

PAXgene blood RNA tubes (PreAnalytix by Qiagen, Hombrechtikon, Switzerland) were used to
collect peripheral blood samples. After collection, the tubes were left at room temperature between 2 h
and 72 h before extracting RNA using the PAXgene blood RNA kit (PreAnalytix by Qiagen) following
the manufacturer’s instructions.

2.7. PCR Quantification of Unprocessed Mitochondrial Transcripts

qPCR for the quantification of unprocessed transcripts was performed with AccuPower 2X
Greenstar gJPCR Master Mix (Bioneer, Daejeon, Korea) using primers previously published by Matilainen
and collaborators [9]. The relative accumulation of unprocessed mitochondrial transcripts was calculated
using the 2(-AACt) method [25].

2.8. Interferon Signature Analysis

The relative expression of six interferon-stimulated genes was analyzed by qPCR using cDNA
from 40 ng RNA, TagMan Fast Advanced Master Mix (Thermo Fisher Scientific), and Taq Man probes
for IF127 (Hs01086370_m1), IFI44L (Hs00199115_m1), IFIT1 (Hs00356631_g1), ISG15 (Hs00192713_m1),
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RSAD2 (Hs01057264_m1), and SIGLEC1 (Hs00988063_m1). The relative abundance was normalized

to HPRT1 (Hs03929096_g1) and 18S (Hs999999001_s1). Median expression was used to calculate an

interferon score as described by Dhir, Rice, and collaborators [6,26].

3. Results
A total of 24 patients with bi-allelic variants in PNPT1 were identified in 15 families, including
seven new patients (P1, 2, 3, 3.1, 4, 7, 8), three previously published individuals with additional clinical
information since the previous publication (P5, 6, 9), and fourteen other patients reported in the
literature (Tables S1 and S2). A total of 22 different pathogenic variants were found, of which only three
were reported in more than one family. The p.(Ala507Ser) variant was reported in 27% of the families

(4/15), followed by the p.(Thr531Arg) variant at 13% (2/15), and p.(Arg136His) at 13% (2/15) (Figure 1).
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Figure 1. Lollipop plot depicting the polynucleotide phosphorylase (PNPase) protein and location of

0
pathogenic variants reported in 30 alleles (15 families). Missense variants are shown above the protein.

Nonsense and splicing variants are shown below. Novel variants reported in this article are marked

with #.
manifestations were tone abnormalities (42% n = 10), feeding difficulties (17% n = 4), and mild to severe

Most of the patients (75% n = 18) presented within the first year of life. The most common initial
sensorineural hearing loss (38% n = 9). Other reported initial features were regression, choreoathetosis,

visual loss, and cataracts (Table S1).

The median age at the last follow up was 8.9 years (range 1-78). Three of the patients died due to
acute encephalopathy (P15 at 4 years), infection (P16 at 2.4 years), and unstated reasons (P21 at 2 years)

(Table S1).
The clinical symptoms of all the reported patients to date are summarized in Figure 2 and Table S1
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Figure 2. Clinical symptoms using Human Phenotype Ontology (HPO) terminology of patients with
bi-allelic PNPT1 variants (n = 24). Green indicates a present phenotype, red indicates an absent
phenotype, and gray is unknown or not applicable. * Respiratory chain deficiencies refer to reported

reductions in oxidative phosphorylation (OXPHOS) enzyme activity measured by spectrophotometric
analysis in any tissue. Neonatal (0-28 days), infant (28 days-1 year), and childhood (>1 year).

3.1. cDNA Studies Identify a Splicing Defect in P2

The NM_033109.4:c.1818T>G heterozygous variant identified in P2 was originally believed to
be synonymous p.(Val606=), however it was located 5 bp from the donor splice site and in silico
studies suggested the possibility of a splicing defect (Table 52). cDNA studies performed from cultured
fibroblasts grown with and without cycloheximide treatment to inhibit nonsense-mediated decay
(NMD) confirmed a splicing defect resulting in a frameshift deletion and premature termination codon

p-(Val607Lysfs*21), leading the transcript to be subject to degradation by NMD (Figure 3).
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Figure 3. cDNA studies from P2 fibroblast cells. (a) Schematic representation and partial electropherogram
showing the creation of a new splice site generated by the NM_033109.4:c.1818T>G variant in cells treated
with cycloheximide. (b) Without cycloheximide treatment, the heterozygous NM_033109.4:¢.1818T>G
variant was not detectable, suggesting that the mutant RNA is subject to nonsense-mediated decay.

3.2. Mitochondrial OXPHQOS Protein Expression and Activity

In the fibroblasts, there was a reduction of the mitochondrial complex IV COX II subunit and the
complex I NDUFBS8 subunit in patients P14, although the levels of other OXPHOS subunits were
normal (Figure 4a). The activities of complex I and complex IV were determined using a dipstick
assay. Compared to the control means, there was a relatively mild reduction in complex I by 20% (P1),
45% (P2), 50% (P4), and a modest reduction in complex IV by 40% (P1), 57% (P2), 20% (P3), and 80%
(P4) (Figure 4b). P5 was a previously reported patient with PNPT1 variants [10] and was used as a
positive control.
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Figure 4. Protein expression and OXPHOS activity in fibroblasts. (a) Representative images of Western
blot analysis performed in fibroblast proteins from controls (C) and patients (P). In the patients, there
was a reduction in protein expression of PNPase (lower panel) and complex I and complex IV OXPHOS
mitochondrial subunits (upper panel). (b) Complex I (upper panel) and complex IV (lower panel)
enzyme activity was analyzed using dipstick activity assays. In the patients, there was a mild/moderate
reduction in complex I and complex IV enzyme activities. The mean and variation (SEM) between
three independent experiments are shown. (*** p < 0.001, * p < 0.033).
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However, spectrophotometric analysis of OXPHOS enzymes was normal in fibroblasts from P1,
and was only borderline low for complex IV activity relative to protein and citrate synthase in muscle
from P2 (Table 1).

Table 1. Spectrophotometric analysis of oxidative phosphorylation (OXPHOS) enzyme activities in
fibroblasts from P1 and muscle from P2.

P1 (Fibroblasts) P2 (Muscle)
Enzvme Residual CS Ratio CII Ratio Residual CS Ratio  CII Ratio
y Activity (%) (%) (%) Activity (%) (%) (%)
1 150 107 75 75 73 126
il 194 140 - 59 58 -
i 266 187 133 69 65 113
v 91 67 47 34 34 59
Cs 137 102

Activities of OXPHOS enzyme complexes I, II, III, IV, and citrate synthase (CS) are expressed as % relative to protein
(residual activity), citrate synthase (CS ratio), and CII (CII ratio) of control samples.

3.3. Accumulation of Mitochondrial Unprocessed Transcripts

To assess the PNPase mitochondrial RNA processing activity, we measured the accumulation of
unprocessed polycistronic mitochondrial transcripts in fibroblasts.

Compared to controls, fibroblasts from patients P14 showed an accumulation of aberrantly
processed mitochondrial RNA transcripts (Figure 5) in line with the PNPase function in mtRNA
processing. The accumulation of unprocessed transcripts in myoblasts from a patient with bi-allelic
pathogenic variants in PNPT1 was previously described [9]. Notably, our patients presented different
patterns of accumulation, which were not restricted to transcripts around MT-ND6. Further studies may
help us to understand if the differences in the accumulation of unprocessed mitochondrial transcripts
are related to specific PNPT1 variants.

5=
HE C HE Pl
= O LI
= G 3
= r4

Relative quantification (RQ)

ND6+CytB ND6+ND5 COX1+COXII COXIII+ATP
Unprocessed mitochondrial transcripts in fibroblasts

Figure 5. Unprocessed polycistronic mitochondrial transcripts in fibroblasts measured by qPCR. Mean
and variation (SEM) between three independent experiments are shown (*** p < 0.001, ** p < 0.002,
*

p <0.033).

3.4. Interferon Signature in Patients with PNPT1 Variants

Increased expression of interferon-stimulated genes has been previously described in blood from
P14, P22, and P23 with bi-allelic PNPT1 variants [6]. To assess if the PNPase defects could elicit an
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increased interferon response in different tissues, we calculated the interferon score in fibroblasts
(P1-4) and in blood (only available from P2 and P4). In fibroblasts from P1-4 stimulated with IFN-«2a
(100 U/mL), the interferon response was not different to controls (interferon score below the 1.3
threshold in fibroblasts). On the other hand, in blood from P1 and P4, a positive interferon score was
identified with a median of 2.53 and 4.65, respectively (above the 1.8 threshold in blood) (Figure 6).
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Figure 6. Interferon (IFN) score in fibroblasts and in blood. (a) Median and individual values of the IFN
score in fibroblasts of three controls and patients with PNPT1 variants (P1-4) from two independent
experiments. The IFN score threshold of 1.3 corresponds to the mean IFN score of controls + 2SD.
Higher values are considered positive. (b) Median and individual values of the IFN score in blood
of three controls and patients with PNPT1 variants (P2 and P4) from two independent experiments.
The IEN score threshold of 1.8 corresponds to the mean IFN score of controls + 2SD. Higher values are
considered positive.

4. Discussion

This cohort illustrated the marked phenotypic heterogeneity associated with bi-allelic PNPT1
variants. Severe developmental delay and regression were the most common neurodevelopmental
abnormalities. Sensorineural hearing loss, optic atrophy, tone, and movement abnormalities—including
choreoathetosis, dystonia, myoclonus, and ataxia—were also amongst the most prevalent clinical
features. Most patients had a history of hypotonia (n = 19) and four patients presented a pattern of
central hypotonia with peripheral hypertonia. Brain imaging was available in 17 patients, of which 16
patients had MRI abnormalities. The most common were white matter abnormalities (1 = 8), followed
by thin corpus callosum (1 = 5), and basal ganglia abnormalities (n = 4) (Figure S1).

Interestingly, most of the patients in the cohort had normal to mildly deficient OXPHOS when
measured by spectrophotometric enzyme assays. This finding has several implications. First, a normal
OXPHOS enzyme analysis does not rule out the diagnosis of PNPT1-related disease. Second, reduced
OXPHOS protein expression or activity measured by dipstick assays does not always correlate with
spectrophotometric assays, as shown in P1 and P2. This discrepancy could be attributed to sample
preparation and differences in the methodology, which has been discussed previously [10]. Finally,
in order to confirm pathogenicity, functional analyses focusing on the primary role of PNPT1 (mtRNA
processing) and interferon signaling in blood rather than fibroblasts appear to be more sensitive, and
potentially more specific than evaluating the downstream effects on the OXPHOS enzyme activities.

Most of the patients with PNPT1-related disease have been identified through NGS approaches.
The identification of an apparently synonymous variant in P2 that was later demonstrated to result in
abnormal mRNA splicing highlights the importance of careful interpretation of apparently “silent”
variants in NGS data, the utility of in silico tools, and the need for cDNA studies when following up
potential splicing variants.
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The identification of an interferon signature in blood from patients with PNPT1 variants raises the
possibility that an immune response could contribute to disease pathogenesis [6]. Further longitudinal
studies could elucidate if there is a correlation between the interferon signature and disease severity,
or the possibility of being a useful clinical biomarker and/or therapeutic target.

So far, little is known about possible genotype—phenotype correlations, and it is not clear what
factors could be contributing to the clinical spectrum of PNPT1-related diseases. Studies suggest
that the rate of disease progression could be, in part, related to having two deleterious variants
affecting the first core domain [9]. In line with this, three patients with rapidly progressive disease
and early death (median age 2.4 years) were described (Table S1), in which the variants were located
in the first core domain. P21 had the p.(Arg136His) variant in a homozygous state. P15 also had the
p-(Argl36His) variant but in compound heterozygosity with the p.(Prol40Leu) variant, which was
also located in the first core domain. P16, who had a p.(Gly76Asp) located in the first core domain
and a p.(Argl92*), was predicted to result in nonsense-mediated decay [6,9,12]. The novel variant
p-(Arg136Cys) identified in P3 was an alternate amino acid change located in the same active site as
described in P21 and P15, but her second pathogenic variant p.(Pro467His) was located in the second
core domain. Interestingly, she is currently three years old and has a relatively slower progression.
Her brother (P3.2) also seemed to be more mildly affected. Intrafamilial variability was also described
in other families with PNPT1 variants (P5, 6, 7, 8; Table S1), but bona fide genetic modifiers of disease
severity have yet to be identified.

P4 had the longest survival reported to date (78 years), with a slowly progressive clinical course.
He presented at 11 years old with hearing and visual loss. Subsequently, he developed blepharospasm
and ptosis. Over the decades, he developed progressive ataxia, poor night vision, and external
ophthalmoplegia. His hearing worsened during his 60s and, therefore, he received a cochlear implant.
Eaton and collaborators [13] also described one family that presented with a slowly progressive pattern.
Both affected individuals had congenital sensorineural hearing loss and developed neurological
symptoms in adulthood. It is interesting to note that the pathogenic PNPT1 variants in both these
patients were distal variants located within the S1 domain. Further work and more patients are
required to formally establish genotype—phenotype correlations.

Careful phenotypic analysis in rare monogenic diseases is valuable for identifying common
clinical features [27,28]. In our cohort, this approach led us to describe the most common phenotypic
findings associated with PNPT1-related disease that should increase the diagnostic suspicion of this
genetic etiology, and could guide screening and management in patients with a molecular diagnosis.
On the other hand, no single finding was present in 100% of the patients and, thus, the lack of any of
these features does not rule out the diagnosis. Some of the clinical features have only been described
in adult patients, such as obsessive-compulsive disorder (P19), depression (P4, P19), and paranoia
(P20), or in single cases, such as renal artery stenosis in P9. The causal relationship of some of these
findings is unknown and it remains to be seen whether some of these features are coincidental rather
than linked to the pathophysiology of PNPT1 dysfunction.

The diverse clinical heterogeneity of patients with bi-allelic PNPT1 variants presents a diagnostic
and management challenge to the clinician. As more patients are diagnosed, it is important to
share detailed clinical information to understand the natural history, elucidate new insights into the
mechanisms underlying the pathology, and aid with the identification of potential treatment strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/11/2020/s1,
Table S1: Clinical phenotype of patients with bi-allelic PNPT1 variants; Table S2: In silico studies and population
frequency of PNPT1 variants identified in new families; Figure S1: Brain MRI findings in patients with bi-allelic
PNPT1 variants.
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Abstract: Aging is a major risk factor for developing cancer, suggesting that these two events
may represent two sides of the same coin. It is becoming clear that some mechanisms involved
in the aging process are shared with tumorigenesis, through convergent or divergent pathways.
Increasing evidence supports a role for mitochondrial dysfunction in promoting aging and in
supporting tumorigenesis and cancer progression to a metastatic phenotype. Here, a summary of
the current knowledge of three aspects of mitochondrial biology that link mitochondria to aging
and cancer is presented. In particular, the focus is on mutations and changes in content of the
mitochondrial genome, activation of mitochondria-to-nucleus signaling and the newly discovered
mitochondria-telomere communication.
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1. Introduction

Mitochondria are cellular organelles that play a pivotal role in maintaining cellular homeostasis
by regulating energy metabolism, cell survival and proliferation. Production of adenosine triphosphate
(ATP) and the generation of intermediate metabolites are the traditional functions ascribed to
mitochondria. Within the mitochondria, the tricarboxylic acid cycle (TCA cycle) generates mitochondrial
metabolites and reducing equivalents, in the form of reduced nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH2), which enter into the mitochondrial electron
respiratory chain (ETC). ETC includes four membrane-bound protein complexes and catalyzes the
oxidation of reducing equivalents using oxygen as the terminal electron acceptor. The electron
transfer is coupled to the transfer of protons across the inner mitochondrial membrane to generate
an electrochemical gradient (mitochondrial membrane potential) required both for ATP synthesis
through the ATP synthase complex, and for efficient shuttling of proteins across the inner mitochondrial
membrane. Electron leakage can arise along the ETC, leading to the formation of reactive oxygen
species (ROS), important second messengers in aging, cancer and other physiopathological conditions.
The intermediate metabolites generated in the TCA cycle are the precursors of lipids, carbohydrates,
proteins and other macromolecules [1]. Mitochondria are able to migrate within the cell, fuse and divide
through rapid fusion and fission processes and undergo turnover through mitophagy, a specialized
form of autophagy. Mitochondrial dynamics is regulated by the large dynamin family of GTPases,
enables mitochondrial recruitment to subcellular compartments that require more energy and is
important for mitochondrial quality control and for communication with the cytosol and the nucleus
(reviewed in [2]). Mitochondrial fusion begins with the joining of the mitochondrial outer membrane
mediated by the mitofusin proteins Mfnl and Mfn2, followed by fusion of the mitochondrial inner
membrane catalyzed by OPA1. Fusion occurs similarly for the inner and outer membrane and involves
a formation of interlocking coiled coils mediated by fusion proteins on the two membranes, followed
by their fusion catalyzed by GTP hydrolysis [3].

The inner membrane fusion is dependent upon the mitochondrial membrane potential [4].
The mitochondrial fission is instead mediated by the GTPase DRP1, a protein that is recruited to the
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outer membrane where it oligomerizes and forms a spiral around the outer and inner membrane
that causes fragmentation of the mitochondrion [5,6]. Disruption of the normal fusion/fission balance
results in mitochondrial dysfunction [6].

Recent evidences point to the mitochondrial content and functionality in the regulation of nuclear
gene expression by affecting transcription and translation, as well as alternative splicing mechanisms [7].
Hence, mitochondrial dysfunction leading to changes in nuclear gene expression may affect the risk of
degenerative diseases, cancer and aging [7-10].

Aging is the most important risk factor for cancer. According to the National Cancer Institute
(NCI), the median age of a cancer diagnosis is 66 years (https://www.cancer.gov/about-cancer/causes-
prevention/risk/age). At first glance, aging and cancer may seem to be two opposite processes, the first
implying a slow decline of cellular and organismal functions, the second providing fitness to the
cells. In reality, these two processes are strictly interconnected and share common origins. Aging is
associated with the progressive accumulation of genetic and cellular damage [11,12]. However, DNA
damage may confer survival and growth advantages to certain cells, which can eventually thrive and
evolve into a tumorigenic phenotype. Genetic damage affecting the functionality of mitochondria has
been associated with both aging and cancer.

Mitochondria have been the focus of the aging research for decades, when Harman proposed
the free radical theory of aging [13,14], then revisited by Alexeyev as the mitochondrial theory of
aging [15]. Both theories hypothesize that ROS are the main determinants of the loss of cellular
performance observed with increasing age, with the mitochondrial theory implying mitochondria as
the main producers of ROS, and consequently, mitochondria as key drivers of aging. In the last decade,
knowledge of these organelles has expanded, providing more connections between mitochondrial
biology and the aging process [16]. Similarly to aging, changes in mitochondrial functionality have
been strictly linked to cancer [17]. Indeed, several studies have shown that mutations in mitochondrial
proteins encoded by either the mitochondrial or the nuclear genome may favor cancer development
and progression [8,9,18,19]. This review provides an overview of the convergent and divergent roles
that mitochondrial dysfunction may play in cellular processes linked to aging and cancer, with a specific
focus on mitochondrial DNA, mitochondria-to-nucleus signaling and telomere shortening.

2. The Mitochondrial Genome

Mitochondria are equipped with their own genome, the mitochondrial genome (mtDNA), a circular,
double-stranded DNA molecule of ~16.5 kb in humans, present in one to several thousand copies
per cell, depending on the tissue and cell type. The two mtDNA strands have different resolution on
a cesium chloride gradient and can be separated in a heavy strand (H-strand) rich in G and a light strand
(L-strand) rich in C [20]. In addition, the mtDNA has a unique regulatory region, the displacement loop
(D-loop), a triple-stranded region that includes a short single-strand DNA molecule, the 7S DNA [21].
The mitochondrial genome encodes for 13 proteins belonging to the respiratory complexes I, III, IV
and V, and for two rRNAs and 22 tRNAs required for mitochondrial protein synthesis. Most of the
mtDNA information is encoded by the H-strand (12 proteins, 2 rRNAs, 14 tRNAs). The mtDNA is
maternally inherited and depends upon nuclear-encoded proteins for its replication and transcription.
Replication of mtDNA is performed by DNA polymerase y (POLy), twinkle helicase and mitochondrial
single-stranded binding protein (mtSSB), and proceeds throughout the entire life of an organism in both
dividing and terminally differentiating cells. The exact molecular mechanism involved in the regulation
of mtDNA replication in response to extracellular stimuli/stress remains a poorly investigated area [22].
The mitochondrial proteome is dynamic; i.e., the protein composition and the levels of a given protein
may vary depending on the tissue and cell type. Even within the same cell type the mitochondrial
proteome may vary over time depending on specific external stimuli or stress conditions [23].

Though the majority of the mammalian mitochondrial proteome (about 1200 proteins) is encoded
by the nuclear genome and then imported into mitochondria, the 13 proteins encoded by the mtDNA
(1% of the mitochondrial proteome) play an essential role for the mitochondrial function. Mutations or
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depletion of the mtDNA can indeed impair the energy metabolism and alter the intracellular signaling,
resulting in mitochondrial dysfunction that may affect the cell performance at various degrees,
leading to “mitochondrial diseases” in extreme cases [8,9,24,25]. MtDNA accumulates mutations at
a considerably higher rate than nuclear DNA [26]. Traditionally, the increased mutational load was
ascribed to a lack of efficient repair systems, lack of protective histones and to the close proximity
of mtDNA to the respiratory chain complexes, the main site of production of ROS. Though mtDNA
lacks traditional histones, the mitochondrial transcriptional factor A (TFAM) is tightly associated to
the mtDNA molecules and plays an histone-like protective role [27]. However, mitochondria lack
nucleotide excision repair (NER), efficient homologous recombination, microhomology-mediated end
joining (MME]J) and non-homologous end joining (NHE]). The short and long patch base excision
repair (BER) and single strand break repair pathways are instead preserved [28]. Hundreds of mtDNA
mutations have been reported leading to a variety of human disorders (www.mitomap.org). In most
cases, wild-type and mutated mtDNA coexist within the same cell, a condition known as heteroplasmy,
as opposed to the term homoplasmy, when all the copies of the mtDNA are identical. The severity of the
mtDNA-associated disorders is dependent on the level of heteroplasmy. For example, the mitochondrial
dysfunction observed in the MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and
stroke-like episodes) syndrome, usually caused by a mutation within the mtDNA-encoded tRNA Leu
(UUR), can be rescued by levels of wild-type mtDNA above 6% [29]. In general, a pathogenic mtDNA
mutation would need to reach a threshold level of more than 60% in a given tissue or cell type to
produce a measurable bioenergetic defect [30].

2.1. MtDNA and Aging

MtDNA point mutations and deletions are known to accumulate with age in human tissues,
including brain, heart and skeletal muscles [31-34]. A debate is still ongoing to define whether
accumulation of mtDNA mutations is causal or just a correlation with aging. So far, the strongest
evidence favoring the hypothesis of a causal role of mtDNA changes in aging comes from the generation
of homozygous knock-in mice for the catalytic subunit of POLy that lacks proofreading activity. These
mice exhibit a mtDNA mutator phenotype, with accumulation of extremely high levels of mtDNA
mutations, a shortened lifespan and early onset of age-associated phenotypes, including hair graying,
weight loss, reduced subcutaneous fat, osteoporosis, alopecia and kyphosis [35,36]. Of note, while an
increased load of mtDNA point mutations has not been linked to the aging phenotype [37], the presence
of large mtDNA deletions has been reported as a driver of premature aging in mitochondrial mutator
mice [38]. These mice apparently did not exhibit a net increase in ROS levels [35], and in general, in
oxidative stress markers [36]. However, Kolesar et al. [39] have recently shown that the mitochondrial
protein content in the muscle tissues of Poly-knock-out mice is significantly reduced compared with
wild-type mice, which results in a net increase in ROS levels per mitochondrial proteins, and a burst
in mtDNA and mitochondrial protein oxidative stress. Increased oxidative stress in the muscle of
Poly-knock-out mice has been confirmed by a subsequent study [40]. These findings support previous
experimental evidences showing an anti-aging role of mitochondria-targeted catalase, an anti-oxidant
enzyme [41-43]. Further experiments in mice have shown that maternally inherited mtDNA mutations
may cause premature aging signs, such as alopecia, kyphosis and premature death [44,45]. In humans,
HIV patients treated with nucleoside analog reverse transcriptase inhibitor antiretroviral drugs have
shown signs of premature aging, including increased cardiovascular disease and bone fractures [46].
Subsequent studies have shown that these antiretroviral drugs have mitochondria as off-target sites, and
in particular, they inhibit POLy, causing mtDNA mutations and depletion that result in mitochondrial
dysfunction [47]. Another example linking mtDNA to the aging phenotype comes from human
subjects carrying mutations in POLy. More than 300 pathogenic mutations in human POLy have been
identified so far (https://tools.niehs.nih.gov/polg/), and they have been linked to several disorders,
including age-related pathologies such as Parkinson’s disease [10,48,49].
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Loss of mitochondrial fusion in the skeletal muscle of Mfnl- and Mfn2-knockout mice has
been linked to increased mtDNA mutations and deletions, as well as mtDNA depletion. These
molecular events precede the phenotypic changes observed in these mice, such as impaired
mitochondrial functionality, abnormal mitochondria proliferation and muscle loss [50]. Overall,
increased mitochondrial fusion may support longevity, as highlighted by a recent study in C. elegans [51].
In addition, a decline in mtDNA content has been observed in peripheral mononuclear blood cells
(PMBC) during aging, and it has been linked to reduced immune response in the elderly [52,53]. Recently,
a novel and very precise technique has allowed researchers to ascertain that healthy centenarians
retain more mtDNA copies and less mtDNA deletions during immune cell stimulation than old people
and frail centenarians [54], implying that the retention of a high amount of mtDNA is a hallmark of
healthy aging.

2.2. MtDNA and Cancer

MtDNA mutations and changes in mtDNA content have been associated with cancer progression
in a variety of cancer types (reviewed in [8,9]). A large-scale analysis performed on several cancer
types of the TCGA dataset has recently confirmed that many, but not all cancers, display a significant
depletion of the mtDNA content, which is directly associated with reduction in the expression of
genes of the mitochondrial respiratory chain, and inversely correlated with the expression of genes
of the immune response and cell cycle [55]. Some somatic mtDNA mutations were reported to
favor tumorigenesis [56] and others to promote cancer metastasis [57] through an increase in ROS
production [56,57]. However, a definitive link between mtDNA depletion/somatic mutations and
tumorigenesis or cancer progression is still missing. Experiments in cell culture have shown that
induced mtDNA depletion may restrain tumorigenesis [58,59] but support cancer cell invasion and
metastasis [9,60-64]. Partial mtDNA depletion results in decreased mitochondrial membrane potential,
increased DRP1 mitochondrial localization and decreased OPA1 levels, accompanied by increased
mitochondrial fission, as demonstrated by enrichment in fragmented mitochondria [65]. In turn,
increased mitochondrial fission alters the cytoskeleton and promotes the formation of pseudopodia-like
structures, typical of invasive cells [65]. Consistently, increased mitochondrial fission has been
frequently detected in carcinoma samples (reviewed in [66]). Analysis of the TCGA dataset reported
a direct correlation between mtDNA depletion and reduced patients’ survival [55]. An independent
study performed on 8161 normal and cancer samples in the TCGA dataset showed that decreased
oxidative phosphorylation is associated with poor survival across multiple cancer types and with
an epithelia-to-mesenchymal (EMT) gene expression profile [67], typical of cells with acquired invasive
abilities [9]. Furthermore, analysis of the Skin Cutaneous Melanoma dataset containing 367 metastatic
lesions and 103 primary cancer samples demonstrated that: (i) Reduced oxidative phosphorylation
was the most significant metabolic signature in the metastatic lesions compared with the primary
cancers; and (ii) EMT was strongly upregulated in the metastatic cancer samples [67], supporting a role
of mitochondrial dysfunction in the metastatic process. A previous study performed on 49 patients
with advanced metastatic melanoma has shown that stage IV melanomas may be dependent either on
glycolysis or a combination of glycolysis and oxidative phosphorylation, which may suggest a metabolic
symbiosis within the same tumor [68]. In agreement with this study, Najjar et al. [69] reported that
metabolic adaptation can vary in melanoma samples, with some cells exhibiting only deregulated
glycolysis and others only deregulated oxidative phosphorylation. Patient-derived melanoma cell
lines with a prevalent oxidative metabolism showed resistance to immunotherapy as well [69]. Recent
evidences have pointed out to the horizontal transfer of whole mitochondria from host cells present
in the tumor microenvironment to respiratory-deficient tumor cells, depleted of mtDNA [70]. This
transfer would recover mitochondrial respiratory activity and promote tumor growth [70]. Based
on these observations, it is tempting to speculate that mtDNA depletion/deletions and pathogenic
mtDNA mutations may confer a selective advantage to certain cancer cells for invading and thriving
in hostile microenvironments, such as the circulating system, while abating cell proliferation. Partial
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reconstitution of the wild-type mtDNA pool by horizontal transfer from stromal cells would allow
cancer cells to recover their proliferative capacity, and thus, their full tumorigenic potential.

3. Retrograde Signaling in Aging and Cancer

Besides being considered as the cell’s “energy hubs”, mitochondria have emerged as critical
“signaling hubs” in regulating cell homeostasis [71]. Communication from mitochondria to the
nucleus is known as “retrograde signaling”, opposed to the traditional anterograde signaling, i.e.,
the communication pathways from the nucleus to the mitochondria. It has been first described
by Butow in yeast. That is, in yeast cells depleted of mtDNA, Butow described changes in the
transcription of nuclear-encoded genes, and an increase in the transcription of genes associated with
a metabolic shift from aerobic to anaerobic respiration (reviewed in [72]). Screenings performed in
C. elegans have revealed that impairing the mitochondrial respiratory chain unexpectedly extends
the lifespan [73]. This observation seems a paradox given that aging tissues are characterized by
loss of mitochondrial fitness. Similarly, in C. elegans a transient increase of mitochondrial ROS
triggers changes in gene expression that promote longevity instead of aging, sharply in contrast
with the mitochondrial theory of aging [74]. These findings have been corroborated in mammals
using mouse models. For example, mice heterozygous for Mclk1, a mitochondrial protein necessary
for the biosynthesis of ubiquinone, show increased lifespan correlated with early impairment of
the mitochondrial functionality, significant reduction of mitochondrial electron transport, ATP and
NAD+ levels [75]. The reason why mitochondrial stress may counteract the aging process is still
not completely understood. Some experimental evidences suggest that the retrograde signaling
activated by the mitochondrial stress may play a critical role. In the context of aging, activation of the
mitochondrial unfolded protein response (UPRmt) seems to be important in signaling a mitochondrial
stress to the nucleus. This retrograde response is elicited by mtDNA depletion or by protein misfolding
occurring in these mitochondria [76]. It was described for the first time in mammalian cells depleted of
mtDNA through ethidium bromide treatment, which exhibited induction of mRNAs for mitochondrial
proteases and chaperons [77]. A similar transcriptional profile was observed upon overexpression in
the mitochondrial matrix of a dominant negative ornithine transcarbamylase, an enzyme essential for
protein processing and folding, suggesting a link between mitochondrial dysfunction, alteration of
proteostasis mechanisms and the activation of UPRmt [78]. Work in C. elegans and other organisms has
identified several components of this retrograde response (for a comprehensive review, see [79]). In
C. elegans, mitochondrial dysfunction reduces the mitochondrial import efficiency of the transcription
factor ATFS-1, allowing it to accumulate in the nucleus where it induces the transcription of hundreds
of genes, including antioxidant proteins, proteases and enzymes involved in cellular metabolism that
would promote survival and recovery of the mitochondrial functionality, thus supporting longevity
and lifespan [78]. However, prolonged UPRmt activation occurring in the context of a heteroplasmic
mtDNA pool seems to exacerbate mitochondrial dysfunction because it would result in an accumulation
of damaged mtDNA (for a detailed review see [76]).

Evidence is accumulating on the important role that mitochondrial metabolites may play as
second messengers eliciting epigenetic changes in the nucleus (for comprehensive reviews see [80,81]).
In this context, acetyl-CoA is one of the most studied signaling molecules. This metabolite is present
in mitochondria, cytosol and the nucleus. In mitochondria, it can be produced through different
metabolic pathways, including conversion of pyruvate to acetyl-CoA by the pyruvate dehydrogenase
complex (PDH), fatty acid 3-oxidation, amino acid metabolism, direct synthesis by a reaction of ligation
of acetate with CoA catalyzed by mitochondrial acyl-CoA synthetase short-chain family member 1
(ACSS1). Mitochondrial acetyl-CoA enters into the TCA cycle together with oxaloacetate to produce
citrate, which is oxidized, allowing production of ATP through the oxidative phosphorylation.

Once inside mitochondria, acetyl-CoA is unable to cross the inner mitochondrial membrane. To
replenish its cytosolic and nuclear pool, citrate exported from mitochondria via the tricarboxylate carrier
is converted to acetyl-CoA and oxaloacetate by the ATP-citrate lyase (ACLY) [82]. Cytosolic acetyl-CoA
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can participate to biosynthetic pathways, such as to fatty acids synthesis, and provides acetyls for
lysine acetylation of proteins, thereby regulating their activity and localization [83]. In the nucleus,
protein lysine acetylation modulates histone acetylation. It has been recently reported that the PDH
complex can translocate from mitochondria to the nucleus during active cell proliferation, generating
a nuclear pool of acetyl-CoA for fine-tuning histone acetylation [84]. Acetyl-CoA may thus function as
a “sentinel metabolite”, where under stress conditions, acetyl-CoA would be diverted to mitochondria
to provide energy and mitochondria-generated products, such as ketone bodies. Instead, elevated
nucleo-cytosolic levels of acetyl-CoA would signal permissive conditions for growth, biosynthesis of
lipids and histone acetylation. Indeed, a recent work has reported that high cytosolic/nuclear levels of
acetyl-CoA due to overexpression of ACLY promote pancreatic cancer development [85]. In aging
cells, elevated nucleo-cytosolic acetyl-CoA levels function as the metabolic repressor of autophagy [86].
Consistently, brain-specific knock-down of acetyl-CoA synthetase increases lifespan in Drosophila [86],
suggesting that mitochondrial metabolites may play opposite roles in aging and cancer.

Chronic inflammation has been linked to aging and age-related pathologies, as well as to cancer (for
detailed reviews see [87,88]). The inflammation process represents an essential immunological defense
system that promotes survival. It has been extensively reported that mitochondrial dysfunction
can promote the release of factors, known as damage-associated molecular patterns (DAMPs),
into the cytosol, which can trigger an inflammatory response by engaging pattern recognition
receptors. Mitochondrial DAMPs (mtDAMPs) include several molecules/effectors, such as mtDNA
and mitochondria-produced ROS, which can activate the inflammasomes, multi-protein cytosolic
complexes consisting of the adaptor apoptosis-associated speck-like protein (ASC), the inflammatory
cysteine protease caspase-1, NOD-, LRR- and pyrin domain-containing protein 1 (NLRP1), NLRP3,
NOD-, LRR- and CARD-containing protein 4 (NLRC4), and absent in melanoma 2 (AIM2). Among
different inflammasomes, mitochondrial stress has been implicated in the regulation of NLRP3 activity,
with mtDNA released into the cytosol as a triggering DAMP of NLRP3 inflammasome. In macrophages,
cytosolic accumulation of mtDNA upon stress activates caspase-1 and promotes the secretion of IL-1
and IL-18 through activation of the NLRP3 inflammasome [89]. This retrograde response requires
mitochondria-generated ROS that would cause a release of mtDNA into the cytosol [89]. Degraded
mtDNA has been shown to induce the release of pro-inflammatory cytokines in brain cells and
represents a possible trigger of neurodegenerative processes [90]. Recent reports further support the
role of mitochondrial ROS and mtDNA in the activation of NLRP3 in age-dependent diseases, including
atherosclerosis [91-96], as well as in cancer, though the activation of inflammasomes during tumor
development and progression still remains controversial and with conflicting outcomes (for a detailed
review see [97]). Recent evidences point to a role of DAMPs released by dying cancer cells upon
chemotherapy and inflammasome’s activation in bursting an immune response that could help the
removal of the remaining live cancer cells. In this context, it has been proposed that a particular class
of mitocans (mitochondrial-targeted anti-cancer drugs), like vitamin E analogs, that selectively induce
cell death by triggering ROS production in cancer cell mitochondria, may be promising candidates for
anti-cancer therapy (reviewed in [98]).

Work from Avadhani’s group has shown that mammalian cells can activate another mitochondria-
to-nucleus signaling pathway upon mitochondrial respiratory stress [72,99]. This signaling pathway
considers Ca?* as the main second messenger involved in the transmission of stress signals from
mitochondria to nucleus and has been related to the response to a mitochondrial stress in the context
of cancer cells. Mitochondria store large amounts of Ca>*. Upon mitochondrial stress/dysfunction
leading to reduced mitochondrial membrane potential, Ca®* is released into the cytosol where it can
activate Ca?*-dependent signaling. An early event of this signaling is activation of the phosphatase
Calcineurin. This Ca?*/calcineurin-mediated pathway can be ROS-dependent or -independent, in
relation to the cell type. For example, it is ROS-independent in skeletal myocytes, but ROS-dependent in
macrophages [60,100,101]. In turn, the Ca?*/calcineurin signaling would activate the insulin-like growth
factor receptor I (IGF1R) in a growth factor-independent manner that, by promoting the PI3-kinase/AKT
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pathway, would culminate in the induction of the transcription of nuclear genes (reviewed in [65,99]).
Ca* may also activate other pathways independently on calcineurin. From a “phenotypic” point of
view, Ca>*-mediated signaling upon mitochondrial stress results in survival, resistance to pro-apoptotic
drugs, increased glycolysis and invasion of otherwise not invasive cells [8,9,61,63,99,102,103]. Taken
together, these experimental evidences are consistent with a role of mild mitochondrial dysfunction
in supporting health and fitness of the cells, both in aging and in cancer, through the activation of
a protective retrograde signaling.

4. Telomeres in Aging and Cancer

Telomeres are DNA-protein structures present at both ends of each chromosome that protect the
genome from interchromosomal fusion and rapid nucleolytic degradation. These specialized structures
function as biological clocks: most normal cells have a limited lifespan and at each cell division,
telomeres lose a portion of DNA. After a certain number of cell divisions, telomeres reach a critical
minimal length and cells undergo apoptosis [104]. Telomere length decreases with the aging process
and the rate of telomere shortening may indicate the pace of aging [104]. Stem cells and cancer cells
express high levels of telomerase, an enzyme known as hTERT in humans (human TElomerase Reverse
Transcriptase), which is able to prevent telomeres’ shortening by elongating the telomeres’ DNA. Most
somatic cells instead do not express telomerase. In addition to its established role in regulating telomere
length in the nucleus, TERT exerts a protective role within mitochondria by shuttling from the nucleus
to the mitochondria upon exogenous stress [105-109]. Within mitochondria, TERT binds mtDNA
and protects it from damage, thus preserving the mitochondrial function and promoting resistance to
apoptosis in cancer cells [108-110]. Consistently, expression of a mutant telomerase lacking a nuclear
export signal inhibits cancer cell proliferation, prevents immortalization, promotes mitochondrial
dysfunction and sensitivity to ionizing radiation and hydrogen peroxide exposure, two genotoxic
stresses [111-113].

Inherited mutations in genes encoding for protein components of the telomeres cause accelerated
aging symptoms (cardiovascular disease, hair graying, diabetes, poor immune response) [114].
Interestingly, in a yeast model system, lack of telomerase accelerated aging independently on
de-protected telomeres [115]. Overexpression of telomerase can delay aging but would increase
the risk of tumor formation [116]. Consistently, 80%—90% of malignant tumors show overexpression
of hTERT, which may occur via multiple mechanisms, including epigenetic modifications (W\TERT
gene promoter methylation), hTERT amplification or structural variants (reviewed in [117]). Overall,
up-regulation of hTERT confers unlimited replicative potential to cancer cells, and is one of the
distinctive hallmarks of cancer [118].

Despite overexpression of hTERT in cancer cells, increasing evidence demonstrates that telomere
shortening correlates with cancer aggressiveness (reviewed in [119]), suggesting a threshold of telomere
shortening in cancer. In this context, \TERT may guarantee an optimal telomere length that would
prevent replicative senescence. In addition, expression of hTERT splice variants in cancer cells has
been shown to confer a growth advantage and resistance to chemotherapeutic drugs independently
upon telomere protection [120], supporting the notion that hTERT plays multiple roles in different
pathophysiological conditions.

A recent work has shown a direct connection between mitochondrial dysfunction and telomere
attrition [121]. Qian et al. have used a chemoptogenetic approach to produce short-lived singlet
oxygen (a highly reactive ROS) in the mitochondrial matrix, whose destiny in the whole cells may be
easily monitored. One pulse of singlet oxygen produced secondary ROS (superoxide radical anion and
hydrogen peroxide) that promoted mtDNA damage, decrease in mitochondrial respiration and cell cycle
arrest. Intriguingly, these secondary ROS were detected in the nucleus where they induced telomere
fragility and loss, without causing general nuclear DNA strand breaks. DNA double-strand breaks
were exclusively present in telomeres. In turn, telomere dysfunction promoted Ataxia-Telangiectasia
Mutated (ATM)-dependent repair of DNA damage, preventing cells from undergoing apoptosis [121].
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These findings highlight a novel mitochondria-telomere axis activated by mitochondrial ROS and
associated with mitochondrial dysfunction that may be important both in aging and in cancer. Future
studies are needed to assess whether this new retrograde signaling pathway may also activate hTERT,
thus supporting cell survival in the long term, and tumorigenesis. Alternatively, since in progeroid
syndrome this telomere dysfunction has been shown to impair the mitochondrial function [122], it is
possible that an initial, transient mitochondrial dysfunction may cause progressive loss of cell fitness
and apoptosis via induction of telomere shortening in a vicious cycle.

5. Conclusions

Mitochondrial function is critical for cell homeostasis, and alteration of mitochondrial performance
is linked both to aging and cancer (Figure 1), two opposite processes, being aging associated with “loss
of function” and cancer with “gain of fitness”.

Aging Cancer

mtDNA mutations/ T g:%g;g;nmatlons/
depletion \ / p
Retrograde ' Retrograde
Signaling S { ) — 5 | Signaling
(A UPRmt) (M Ca?, ROS, ...)
Telomere / \
Shortening T gﬁﬁrtr;ig; .

Figure 1. Mitochondrial dysfunction in aging and cancer. Aging and cancer share common mechanisms
that include an alteration of the mitochondrial genome (mtDNA), activation of mitochondria-to-nucleus
signaling pathways (retrograde signaling; see text for details) and telomere shortening. The latter is the
biological clock of the cells, and beyond a limit, would cause cell cycle arrest and apoptosis, preventing
the unlimited replication of normal cells. In cancer cells, expression of the telomerase hTERT would
prevent excessive shortening of telomeres. Recent evidence points to mitochondrial dysfunction as
a regulator of telomere shortening.

MtDNA mutations and/or decreased mtDNA content have been described in aging tissues and
cancer cells. In aging, they have been associated with reduced respiration and available energy,
thus decreasing the rate of anabolic reactions for biosynthesis of the cell’s bricks (lipids, proteins,
carbohydrates) and leading to physiological decline. Genetic studies in mouse models have provided
evidence for a causal link between mtDNA depletion and the aging symptoms [35,44,45]. In cancer,
some mtDNA point mutations seem to favor tumorigenesis, and other mutations would promote cancer
metastasis, while mtDNA depletion correlates with poor patients’ survival in certain cancers. Though
there are several evidences in support of the causal role of mtDNA changes in cancer, a definitive link
between mtDNA depletion/somatic mutations and tumorigenesis/cancer progression is still missing.

Intriguingly, mouse models with a mtDNA mutator phenotype that display progeroid syndrome
do not exhibit increased production of mitochondrial ROS [35], in contradiction with the core hypothesis
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of the mitochondrial theory of aging. In cancer, increase in ROS elicited by certain mtDNA mutations
favors tumorigenesis and metastasis [56,57]. Recent studies have highlighted the role of alternative
retrograde signaling transmitted by dysfunctional mitochondria to the nucleus that may modulate
aging and cancer.

These signals include the UPRmt, relevant to the aging process, and Ca**-mediated signaling
pathways, involved in the acquisition of some hallmarks of cancer cells. Mitochondrial dysfunction
can also trigger telomere fragility and shortening, a common trait of aging and cancer. However,
at variance with the aging process, cancer cells would not undergo cell cycle arrest because of the
genetic/epigenetic upregulation of telomerase. These pathways are not mutually exclusive; rather they
may intersect and contribute to the phenotype. Future studies, aimed at understanding the relative
contribution of different mitochondrial retrograde signaling to aging and cancer, may open the road to
the development of biologically active molecules targeting specific retrograde signaling pathways, in
order to delay progression of age-related symptoms and/or to inhibit tumor growth and metastasis.
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