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E-mail: james.sharman@utas.edu.au [tis not always appreciated that medical equipment may be cleared by requlatory authorities to sell within

a country, without ever having been tested for accuracy performance according to scientific validation

Funding sources standards. Instead, manufacturers can undertake in-house accuracy testing, using variable methods and

Hone decered without any requirement for test results to be made publicly available. This lack of full transparency together
Conflict of interest with potential for industry bias can place doubt over the quality of validation results provided to requlatory
None declared authorities. Currently, this situation affects the field of hypertension research, where most blood pressure
devices have not been independently validated for accuracy according to international scientific standards, nor
as expected in clinical practice guidelines. More attention should be paid to such practices in order to improve
Received on November 10, 2021 the quality of research and to optimize further translation of scientific findings to clinical practice. The clinical
Accepted on December 2, 2021 . . . ) . . . L
implications of inaccurate measurements in research can be far-reaching, ultimately impacting on a patient’s
Published online on December 13,2021 health. Well-planned validating studies should be more widely considered for new devices that are candidates

to be used in research protocols. The awareness of the lack or uncertain validation of equipment used for
verifying research hypotheses should prompt all investigators to revisit the idea of conducting the study or,
atleast, to acknowledge this issue as a relevant study limitation. One of the ways in which authors submitting
research findings for publication can add to the quality of the reporting of their work is to ensure reference
to the accuracy validation of their research equipment.
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The international community and funders of research
expect the study to be conducted ethically and with high
quality, such that it is rigorous, transparent, reproducible,
and avoids waste.! These expectations are not only essen-
tial for the translation of research knowledge to the ben-
efit of the wider community, but also help to promote
trust in research findings and deliver the highest value for
the money that is invested in research.? The failure of many
research discoveries to be reproduced by independent in-
vestigators is a symptom of rigorous research methods
not always being applied, and indicates that more training
to improve the understanding of high-quality research
methods, particularly for research apprentices, is needed.®

Resources to aid the rigor and accountability of re-
search practice, from the design to conduct and reporting
of research outcomes, have been developed for research-
ers (e.g., Enhancing the QUALlity and Transparency Of
health Research (EQUATOR) network, Cochrane Col-
laboration).**> Working towards similar intent to improve
the quality of research publications, the International
Committee of Medical Journal Editors (ICMJE) publishes
“Recommendations for the Conduct, Reporting, Editing
and Publication of Scholarly Work in Medical Journals”.®
These recommendations align with best practice stan-
dards to assist all those involved in publishing medical
research to present unbiased findings clearly and accu-
rately. The journal “Advances in Clinical and Experimen-
tal Medicine” is an ICMJE member journal that requires
authors of all submitted papers to adhere to the ICMJE
recommendations.

The ICMJE Recommendations rightly state that, in order
to allow others to reproduce the results of research, there
should be sufficient detail provided on the methods, equip-
ment and procedures of the research.® However, a factor
that is not considered within the ICMJE recommendations,
but can have a marked influence on the results of research,
is providing confirmation that the research equipment
is accurate, preferably through testing it in accordance with
established scientific validation standards. Without such
confirmation, there is little to assure that the equipment
can measure what it purports to measure, nor whether
its use may critically undermine the quality of research
outputs. This concept of confirming the quality of all data
to increase the confidence in research results is familiar
to researchers across disciplines.”~®

Itis not always appreciated that medical equipment may
be cleared by regulatory authorities to sell within a coun-
try, without ever having been tested for accuracy perfor-
mance according to scientific validation standards. Instead,
manufacturers can undertake in-house accuracy testing,
using variable methods and without any requirement for
test results to be made publicly available. This lack of full
transparency together with potential for industry bias can
place doubt over the quality of validation results provided
to regulatory authorities. Currently, this situation affects
the field of hypertension research,'®!* where most blood

J. Sharman, W. Kosmala. Research equipment validation

pressure devices have not been independently validated for
accuracy according to international scientific standards,
nor as expected in clinical practice guidelines.!2~!* Global
estimates indicate that less than 20% of blood pressure
devices from among thousands of separate models avail-
able for purchase have been independently validated.!>1¢
As may be anticipated, the untested, non-validated
devices are more likely to be inaccurate when compared
with established reference standards,'”~' which in addition
to the impact on research quality has obvious implica-
tions for appropriate clinical diagnosis and management.
Compared with validated devices, those whose accuracy
has not been tested also have a greater dispersion of mea-
surement values (higher variance),?° which will influence
estimation of sample size for research projects. Higher
variance in the measurement of a primary outcome vari-
able means that more research study participants will be
needed to answer the research question and demonstrate
statistical between-group differences.?! This places extra
burden on research resources and also has ethical implica-
tions in higher-risk study protocols by needlessly exposing
more research participants to otherwise avoidable risk.
Regulatory loopholes that enable widespread availability
of blood pressure devices with uncertain quality assur-
ance!® may also apply to other medical equipment used
in research, such as blood glucose monitors and pulse ox-
imeters,?2-2* although the breadth of the problem more
generally across equipment being used in research is not
known. This being the case, the onus of responsibility
to determine the worthiness of medical equipment to be
used in research falls to the shoulders of individual re-
searchers in the planning and conduct of their research
projects. What can researchers do in relation to this?
Researchers can check that all research equipment has
been assessed, and passed validation testing, or the per-
formance can be verified (including where participants
of the study use personal monitoring equipment to collect
research data).'” Ideally, the values derived from the equip-
ment have been compared using an established, standard-
ized protocol with a recognized reference standard, for
example, blood glucose measured with a point-of-care de-
vice compared with an automated procedure from an ac-
credited laboratory with known accuracy and precision.
Researchers can also seek information from relevant pro-
fessional societies,?” web-based resources,® other sources
of published guidance,?® or ask the equipment distributor
to provide published material as proof of accuracy. Where
available, they should cite the published validation mate-
rial within the methods of research manuscripts when
referencing the equipment used. It is important to note
that validation testing is only relevant to the device under
scrutiny and the results cannot be extrapolated to other
models or devices made by different manufacturers.
In the hypertension field, international efforts are being
undertaken to redress the problem of non-validated equip-
ment used in research, clinical practice and population
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level interventions.?’3% This requires ongoing, multisec-
toral lobbying for regulatory change, as well as widespread
education and advocacy for exclusive use of validated
equipment. Whether such activities are needed in other
research areas is something for the wider research com-
munity to be alert for.

Indeed, the scale of the problem being discussed is in-
creasing, and more attention should be paid to it in order
to improve the quality of research and to optimize fur-
ther translation of scientific findings to clinical practice.
The clinical implications of inaccurate measurements
in research can be far-reaching, ultimately impacting
on a patient’s health. Well-planned validating studies
should be more widely considered for new devices that are
candidates to be used in research protocols. The awareness
of the lack or uncertain validation of equipment used for
verifying research hypotheses should prompt all investiga-
tors to revisit the idea of conducting the study or, at least,
to acknowledge this issue as a relevant study limitation.
One of the ways that authors submitting research find-
ings for publication can add to the quality of the reporting
of their work is to ensure reference to the accuracy valida-
tion of their research equipment.

ORCID iDs

James E. Sharman
Wojciech Kosmala

https://orcid.org/0000-0003-2792-0811
https://orcid.org/0000-0003-3807-8201

References

1. Chalmers|, Glasziou P. Avoidable waste in the production and report-
ing of research evidence. Lancet. 2009;374(9683):86-89. doi:10.1016/
S0140-6736(09)60329-9

2. National Health and Medical Research Council. NHMRC's Research
Quality Strategy. https://www.nhmrc.gov.au/file/16823/download?
token=ha80bBhZ. Accessed November 25, 2021.

3. Begley CG, loannidis JPA. Reproducibility in science: Improving
the standard for basic and preclinical research. Circ Res. 2015;116(1):
116-126. doi:10.1161/CIRCRESAHA.114.303819

4. Green S, Mcdonald S. Cochrane Collaboration: More than system-
atic reviews? Intern Med J. 2005;35(1):3-4. doi:10.1111/j.1445-5994.
2004.00747.x

5. Simera I, Moher D, Hirst A, Hoey J, Schulz KF, Altman DG. Transpar-
ent and accurate reporting increases reliability, utility, and impact
of your research: Reporting guidelines and the EQUATOR Network.
BMC Med. 2010;8:24. doi:10.1186/1741-7015-8-24

6. International Committee of Medical Journal Editors. Recommenda-
tions for the Conduct, Reporting, Editing and Publication of Scholarly
Work in Medical Journals — updated December 2018. http://www.
ICMJE.org. Accessed August 17, 2019.

7. Ehrenstein V, Petersen |, Smeeth L, et al. Helping everyone do bet-
ter: A call for validation studies of routinely recorded health data.
Clin Epidemiol. 2016;8:49-51. doi:10.2147/clep.5104448

8. LashTL,Olshan AF. EPIDEMIOLOGY announces the “Validation Study”
submission category. Epidemiology. 2016;27(5):613-614. doi:10.1097/
ede.0000000000000532

9. Coecke S, Bernasconi C, Bowe G, et al. Practical aspects of design-
ing and conducting validation studies involving multi-study trials.
Adv Exp Med Biol. 2016;856:133-163. doi:10.1007/978-3-319-33826-2_5

10. AlpertBS. Can ‘FDA-cleared’ blood pressure devices be trusted? A call
to action. Blood Press Monit. 2017;22(4):179-181. d0i:10.1097/mbp.000
0000000000279

11. Sharman JE, Padwal R, Campbell NRC. Global marketing and sale
of accurate cuff blood pressure measurement devices. Circulation.
2020;142(4):321-323. doi:10.1161/circulationaha.120.046205

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

1223

. Campbell NR, Gelfer M, Stergiou GS, et al. A call to regulate manu-

facture and marketing of blood pressure devices and cuffs: A posi-
tion statement from the World Hypertension League, International
Society of Hypertension and supporting hypertension organizations.
JClin Hypertens (Greenwich). 2016;18(5):378-380. d0i:10.1111/jch.12782

. Muntner P, Einhorn PT, Cushman WC, et al. Blood pressure assessment

inadultsin clinical practice and clinic-based research: JACC Scientif-
ic Expert Panel. J Am Coll Cardiol. 2019;73(3):317-335. doi:10.1016/j.
jacc.2018.10.069

. Whelton PK, Carey RM, Aronow WS, et al. 2017 ACC/AHA/AAPA/ABC/

ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for the preven-
tion, detection, evaluation, and management of high blood pressure
in adults: A report of the American College Of Cardiology/American
Heart Association task force on clinical practice guidelines. JAm Coll
Cardiol. 2018;71(19):e127-e248. doi:10.1016/j.jacc.2017.11.006

. Medaval. Blood pressure monitors. https:/medaval.ie/blood-pressure-

monitors. Accessed October 26, 2021.

. Picone DS, Deshpande RA, Schultz MG, et al. Nonvalidated home

blood pressure devices dominate the online marketplace in Australia:
Majorimplications for cardiovascular risk management. Hypertension.
2020;75(6):1593-1599. doi:10.1161/HYPERTENSIONAHA.120.14719
Jung MH, Kim GH, Kim JH, et al. Reliability of home blood pressure
monitoring: In the context of validation and accuracy. Blood Press
Monit. 2015;20(4):215-220. doi:10.1097/mbp.0000000000000121

. Akpolat T, Dilek M, Aydogdu T, et al. Home sphygmomanometers:

Validation versus accuracy. Blood Press Monit. 2009;14(1):26-31. doi:10.
1097/MBP.0b013e3283262f31

. Dilek M, Adibelli Z, Aydogdu T, Koksal AR, Cakar B, Akpolat T. Self-

measurement of blood pressure at home: Is it reliable? Blood Press.
2008;17(1):34-41. doi:10.1080/08037050701758018

Ringrose JS, Polley G, McLean D, Thompson A, Morales F, Padwal R.
An assessment of the accuracy of home blood pressure monitors
when used in device owners. Am J Hypertens. 2017;30(7):683-689.
doi:10.1093/ajh/hpx041

Jones B, Jarvis P, Lewis JA, Ebbutt AF. Trials to assess equivalence:
The importance of rigorous methods. BMJ. 1996;313(7048):36-39.
doi:10.1136/bmj.313.7048.36

Medaval. Pulse oximeters. https://medaval.ie/mv-pulse-oximeters.
Accessed November 2, 2021.

Medaval. Blood glucose meters. https://medaval.ie/mv-blood-glu-
cose-meters. Accessed November 2, 2021.

Ward JR, Clarkson PJ. An analysis of medical device-related errors:
Prevalence and possible solutions. J Med Eng Technol. 2004;28(1):2-
21. doi:10.1080/0309190031000123747

Stergiou GS, Alpert B, Mieke S, et al. A universal standard for the valida-
tion of blood pressure measuring devices: Association for the Advance-
ment of Medical Instrumentation/European Society of Hyperten-
sion/International Organization for Standardization (AAMI/ESH/ISO)
collaboration statement. Hypertension. 2018;71(3):368-374. doi:10.
1161/hypertensionaha.117.10237

Picone DS, Padwal R, Campbell NRC, et al. How to check whether
a blood pressure monitor has been properly validated for accuracy.
J Clin Hypertens (Greenwich). 2020;22(12):2167-2174. doi:10.1111/jch.
14065

OlsenMH, Angell SY,Asma S, etal. A calltoaction and alifecourse strategy
to address the global burden of raised blood pressure on current and
future generations: The Lancet Commission on Hypertension. Lancet.
2016;388(10060):2665-2712. doi:10.1016/s0140-6736(16)31134-5
Sharman JE, O'Brien E, Alpert B, et al. Declaracion de posicion del
Grupo de la Comision Lancet de Hipertensidn con respecto a la
mejora mundial de las normas de exactitud para los dispositivos de
medicion de la presidn arterial. Pan American Journal of Public Health.
2020;44(e21). https://iris.paho.org/bitstream/handle/10665.2/51862/v44
€212020.pdf?sequence=1&isAllowed=y. Accessed November 25, 2021.
Sharman JE, O'Brien E, Alpert B, et al. Lancet Commission on Hyper-
tension group position statement on the global improvement of accu-
racy standards for devices that measure blood pressure. J Hypertens.
2020;38(1):21-29. d0i:10.1097/hjh.0000000000002246

Lombardi C, Sharman JE, Padwal R, et al. Weak and fragmented reg-
ulatory frameworks on the accuracy of blood pressure-measuring
devices pose a majorimpediment for the implementation of HEARTS
in the Americas. J Clin Hypertens (Greenwich). 2020;22(12):2184-2191.
doi:10.1111/jch.14058






Kynurenic acid and kynurenine aminotransferase
are potential biomarkers of early neurological improvement
after thrombolytic therapy: A pilot study

Adém Annus"-2, Ferenc Tomosi>®®, Ferenc Rarosi*<, Evelin Fehér*®, Tamas Janaky*®*,
Gabor Kecskeméti?®, Jozsef Toldi*€, Péter Klivényi', Laszl6 Sztriha>EF, Laszl6 Vécsei /AL

' Department of Neurology, Albert Szent-Gyorgyi Health Centre, University of Szeged, Hungary
2 Department of Medical Chemistry, University of Szeged, Hungary

3 Department of Medical Physics and Informatics, University of Szeged, Hungary

* Department of Physiology, Anatomy and Neuroscience, University of Szeged, Hungary

5 Department of Neurology, King’s College Hospital, London, UK

6 MTA-SZTE Neuroscience Research Group, Szeged, Hungary

7 Interdisciplinary Excellence Centre, University of Szeged, Hungary

A — research concept and design; B — collection and/or assembly of data; C — data analysis and interpretation;
D — writing the article; E — critical revision of the article; F — final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899—5276 (print), ISSN 2451-2680 (online)

Address for correspondence
Laszl6 Vécsei
E-mail: vecsei.laszlo@med.u-szeged.hu

Funding sources
Grants No. GINOP 2.3.2-15-2016-00048; EFOP-3.6.1-16-2016-

00008; TUDFO/47138-1/2019-1TM; 20391-3/2018/FEKUSTRAT.

Conflict of interest
None declared

Acknowledgements

We are grateful for the dedicated work of the nurses

of the Stroke Unit at Department of Neurology, Albert
Szent-Gyorgyi Clinical Centre, University of Szeged. We also
appreciate the help of our co-workers in our Biobank facility,
who handled and stored the blood samples.

Received on March 16, 2021
Reviewed on June 25, 2021
Accepted on August 27, 2021

Published online on October 12, 2021

Dol
10.17219/acem/ 141646

Copyright

© 2021 by Wroclaw Medical University

Thisis an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CCBY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Adv Clin Exp Med. 2021;30(12):1225-1232

Abstract

Background. Biomarkers for predicting treatment response to thrombolysis in acute ischemic stroke are
currently lacking. Both, animal models and clinical studies have provided evidence that the kynurenine (KYN)
pathway is activated in ischemic stroke.

Objectives. In our pilot study, we aimed to investigate whether KYN pathway enzymes and metabolites
could serve as potential biomarkers for treatment response in the hyperacute phase of ischemic stroke.

Materials and methods. We included 48 acute ischemic stroke patients who received thrombolysis.
Blood samples were taken both before and 12 h after treatment. Concentrations of 11 KYN metabolites were
determined using ultra-high-performance liquid chromatography-mass spectrometry. To assess the treatment
response, we used early neurological improvement (ENI), calculated as the difference between the admission
and discharge National Institutes of Health Stroke Scale (NIHSS) scores. We performed receiver operating
characteristic (ROC) analysis for KYN pathway metabolites and enzymes that showed a correlation with ENI.

Results. In the samples taken before thrombolysis, significantly lower concentrations of kynurenic acid
(KYNA) and kynurenine aminotransferase (KAT) activity were found in patients who had ENI (p=0.01 and
p=0.002, respectively). According to the ROC analysis, the optimal cut-off value to predict ENI for KYNA was
37.80 nM (sensitivity (SN) 69.2%, specificity (SP) 68.4%) and 0.0127 for KAT activity (SN 92.3%, SP 73.7%).

Conclusions. Our research s the first clinical pilot study to analyze changes in the KYN pathway in ischemic
stroke patients who received thrombolytic treatment. Based on our results, baseline KYNA concentration
and KAT activity could serve as potential biomarkers to predict early treatment response to thrombolysis.

Key words: kynurenine, biomarker, ischemic stroke, acute stroke, thrombolysis
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Introduction

Biomarkers are objective indicators of physiological
or pathological processes and have valuable applications
in predicting and monitoring clinical response to thera-
peutic interventions.! At present, biomarkers aiding in pre-
diction of response to intravenous thrombolysis treatment
and prognosis in acute ischemic stroke are lacking in rou-
tine clinical practice.>? However, a few blood biomarkers
have shown promise: copeptin, a fragment of vasopressin
produced in the hypothalamus, was shown to increase
the prognostic accuracy of the National Institutes of Health
Stroke Scale (NIHSS) in predicting functional outcome
and mortality.®> Matrix metalloproteinase-9 (MMP-9)
levels correlated with hemorrhagic transformation after
thrombolytic therapy, and S100B was elevated in patients
with malignant middle cerebral artery syndrome.**> Higher
activated/inactivated thrombin-activatable fibrinolysis in-
hibitor levels correlated with higher NIHSS scores 2 days
after treatment, and with poor outcome on the modified
Rankin Scale (mRS) score at day 90.° Faille et al. reported
that low admission levels of soluble thrombomodulin and
soluble endothelial protein C receptor in patients with arte-
rial occlusion were associated with higher recanalization
rates after thrombolytic therapy.” In another study, low
endogenous thrombin potential before thrombolysis was
found to be an independent predictor of both short- and
long-term mortality following treatment.®

The kynurenine (KYN) pathway is the main route
of tryptophan (TRP) metabolism. Animal models and
clinical studies have unequivocally proven that the KYN
pathway is activated in acute ischemic stroke.”~1> The first
step of the pathway is the metabolism of TRP to KYN
by indoleamine-2,3-dioxygenase (IDO). Inflammatory
cytokines (e.g., interleukin 1B (IL-1p), tumor necrosis fac-
tor a (TNF-a) and interferon y (INF-y)) were shown to in-
crease the expression of IDO.!®!” Therefore, the activation
of the KYN pathway following ischemic brain injury is likely
part of a secondary inflammatory reaction.!'®1° The most
well-studied metabolites of the pathway are kynurenic acid
(KYNA), 3-hydroxykynurenine (3-HK) and quinolinic acid
(QUIN). Kynurenic acid is metabolized by kynurenine ami-
notransferase (KAT) from KYN. It is a known endogenous,
competitive inhibitor of the N-methyl-D-aspartate receptor
(NMDAR) and is therefore thought to have neuroprotective
properties.?® In contrast, 3-HK and QUIN are neurotoxic
compounds that produce free radicals and cause oxidative
stress. Further metabolites and enzymes of the KYN path-
way that were analyzed in our study are highlighted in Fig. 1.

The KYN pathway is linked to a number of traditional
cerebrovascular risk factors that could influence serum
levels of KYN metabolites.?! It has been demonstrated that
IDO expression regulates blood pressure in mouse mod-
els of systemic inflammation.?? Administration of KYNA
into the rostral ventrolateral medulla of spontaneously
hypertensive rats, decreased mean arterial blood pressure
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TRP
SERO ANA <«—— KYN —— KYNA
[ [
5-HIAA 3-HANA «<— 3-HK —— XA
o N
QUIN PICA

Fig. 1. Kynurenine pathway and other tryptophan metabolites measured
in our pilot study. Dotted lines indicate more than 1 enzymatic step.
Dotted boxes highlight the most relevant enzymes of the pathway

3-HANA - 3-hydroxyanthranilic acid; 3-HK - 3-hydroxy-kynurenine;
5-HIAA - 5-hydroxy-3-indoleacetic acid; ANA - anthranilic acid;

IDO - indoleamine 2,3-dioxygenase; KAT — kynurenine aminotransferase;
KYN - kynurenine; KYNA - kynurenic acid; MAO — monoamine oxidase;
PICA - picolinic acid; QUIN — quinolinic acid; SERO - serotonin;

TRP — tryptophan; XA — xanthurenic acid.

by approx. 40 mm Hg.?* Median blood KYN levels of pa-
tients with stable angina pectoris were higher in hyper-
tensive patients compared to normotensive individuals.?*

Elevated xanthurenic acid (XA) levels have been found
in diabetic patients.?> Xanthurenic acid forms a complex
with insulin that does not activate insulin receptors.?® There-
fore, elevated XA levels contribute to insulin resistance.?’

Aging, the most relevant non-modifiable risk factor for
cerebrovascular diseases, showed a significant association
in a multivariate linear regression analysis with serum con-
centrations of KYN, TRP, and IDO activity.® In the Horda-
land Health Study, an inverse association was found between
heavy smoking and anthranilicacid (AA), TRP, KYN, KYNA,
XA, and 3-hydroxyanthranilic acid (3-HANA).?

Objectives

Our aim in this single-center pilot study was to investi-
gate whether metabolites of the KYN pathway and activ-
ity of relevant enzymes measured before and 12 h after
thrombolytic therapy in ischemic stroke could serve as po-
tential biomarkers for predicting treatment response and
prognosis.

Patients and methods
Patients and outcomes

Our inclusion criteria were patients with a diagnosis
of acute ischemic stroke who underwent intravenous
thrombolysis with alteplase between January and December
2018. We excluded patients who received thrombectomy
and those who had a baseline mRS score >2. The pilot study
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was conducted in accordance with the revised Declaration
of Helsinki, and the protocol was approved by the Ethics
Committee of the University of Szeged, Albert Szent-Gyor-
gyi Clinical Centre (Project GINOP 2.3.2-15-2016-00048).
All patients or their relatives gave informed consent for
inclusion before the participation in the study.

C-reactive protein (CRP) and white cell count were mea-
sured from blood samples taken upon arrival in the emer-
gency department. The time when the alteplase bolus was
administered is referred to as “needle time”. All patients
underwent repeat imaging approx. 24 h after treatment.
The NIHSS and mRS scores were established by a certified
expert. The NIHSS scores were calculated on admission
before thrombolysis, and at discharge from the stroke unit.

Efficacy endpoints were early neurological improvement
(ENI) and good functional outcome at 30 and 90 days
after the stroke. We defined ENT as a >4 point decrease
in the NIHSS score from admission to discharge. The cri-
terion for good functional outcome was an mRS score <2.

Sampling

Peripheral venous blood samples were taken just before
thrombolysis and 12 h after the initiation of treatment (sam-
ples A and B, respectively). Blood samples were centrifuged
at 3000/min for 13 min, and sera were then stored at —80°C
until further analysis. Due to restricted opening times of our
biobank facility, samples were only processed on weekdays.

Measurement of kynurenines by ultra-
high-performance liquid chromatography
(UHPLC) coupled to tandem mass
spectrometry (MS/MS)

Reagents and chemicals

All reagents and chemicals were of analytical or liquid
chromatography-mass spectrometry (LC-MS) grade. Tryp-
tophan and its metabolites and d4-picolinic acid (PICA)
were purchased from Sigma-Aldrich (St. Louis, USA).
The d3-3-HK was obtained from Buchem BV (Apeldoorn,
the Netherlands). The other deuterated internal standards
(ISs; d4-serotonin (SERO), d4-KYN, d3-3-3-HANA, d5-
TRP, d5-5-hydroxy-3-indoleacetic acid (5-HIAA), d5-
KYNA, d4-XA and d3-QUIN) were purchased from To-
ronto Research Chemicals (Toronto, Canada). Acetone,
methanol (MeOH) and water were obtained from VWR
Chemicals (Monroeville, USA). Formic acid (FA) was pur-
chased from Thermo Fisher Scientific (Portsmouth, USA).

Preparation of standard, IS
and quality control solutions

Stock solutions, calibration standards and quality con-
trol (QC) samples were prepared as described previously.>
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Calibration standards consisted of 100 pL of “blank” serum,
10 pL of standard solution mix (156.25-5000 nM SERO,
312.5-10,000nM KYN, 7.8-250 nM 3-HANA, 6.25-200 uM
TRP,7.8-250nM 5-HIAA, 6.25-200 nM ANA, 4.7-150 nM
KYNA, 6.25-200 nM 3-HK, 1.5-50 nM XA, 3.125-100 nM
PICA, and 62.5-2000 nM QUIN in 0.1% (v/v) aqueous FA),
were treated with 370 pL of ice-cold acetone: MeOH (1:1,
(v/v)) containing 10 pL of the SIL-IS mix (1500 nM d4-SERO,
1000 nM d4-KYN, 65 nM d3-3-HANA, 5250 nM d5-TRP,
200 nM d5-5-HIAA, 50 nM d5-KYNA, 90 nM d3-3-HK,
25 nM d4-XA, 80 nM d4-PICA, and 300 nM d3-QUIN)
to precipitate proteins. After centrifugation, 400 pL of su-
pernatant were transferred to a new tube, spun for 15 s and
splitinto 2 equal parts. After concentration under a vacuum
(Savant SC 110 A Speed Vac Plus; Savant, Holbrook, USA),
half of the sample was treated with 70 uL of derivatizing re-
agent (n-butanol-acetyl chloride, 9:1, (v/v)) and was incubated
for 1 h at 60°C. The mixture was dried under nitrogen be-
fore reconstitution. Both parts of the sample were dissolved
in 100-100 pL of the starting eluent, vortexed, centrifuged,
and combined.

Preparation of human serum samples for analysis

The human serum samples were prepared as described
previously.® Briefly, to 100 pL of each serum sample,
10 pL 0.1% (v/v) of aqueous FA and 370 pL of ice-cold ac-
etone—MeOH (1:1, (v/v)) containing 10 uL of the SIL-IS
mix (the same as used in the preparation of the calibration
standards) were added, and 400 pL of supernatant was
treated as above.

Instrumentation and UHPLC-MS/MS analysis

The UHPLC separation of TRP and its metabolites was
performed on a pentafluorophenyl (PFP) column (100 A,
100 mm x 2.1 mm, particle size 2.6 um; Phenomenex,
Torrance, USA) connected to an ACQUITY I-Class
UPLC™ liquid chromatography system (Waters, Man-
chester, UK) using 0.1% (v/v) aqueous FA as solvent A and
MeOH containing 0.1% (v/v) FA as solvent B. All mass
spectrometric measurements were carried out on an on-
line connected Q Exactive™ Plus Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo Fisher Scientific,
San Jose, USA), operating in the positive electrospray ion-
ization mode. For quantitative mass spectrometric analysis
through MS/MS, the parallel reaction monitoring (PRM)
data acquisition mode was chosen. The optimization
of parameters and the validation of the UHPLC-MS/MS
analysis for human serum were carried out previously.*

Statistical analyses

Our outcome measures were categorical variables (ENI,
good outcome at 30 and 90 days). Based on the Shapiro—
Wilk test, some KYN metabolites and enzymatic activities
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did not show normal distribution (namely, 3-HANA, TRP,
ANA, 3-HK, PICA, XA, monoamine oxidase (MAQ), and
KAT). Therefore, based on the distribution, continuous
variables were either expressed as mean + standard de-
viation (SD) or median and interquartile range (IQR).
Kynurenine metabolite concentrations and enzymatic ac-
tivities measured at the 2 timepoints were compared with
either paired sample t-test (if the distribution was normal),
or Wilcoxon matched-pairs signed-ranks test (when data
was nonparametric) for cases where both samples were
taken. To compare means of concentrations and enzymatic
activities between groups with and without ENI or good
functional outcome, we used the independent sample t-test
or Mann—Whitney U test (depending on the distribution
of the data). Boxplots were drawn to allow for better visu-
alization of statistically significant findings. Furthermore,
if statistical significance was met, we performed receiver
operating characteristic (ROC) analysis. We calculated
area under the curve (AUC), as well as sensitivity (SN) and
specificity (SP) for different cut-off values. Due to the small
sample size of our pilot study, logistic regression was not
performed. A p-value of <0.05 was regarded statistically
significant. Confidence intervals (CI) of 95% were presented
where appropriate. Analyses were carried out with IBM
SPSSv. 24 (IBM Corp., Armonk, USA) statistical software.

Results

Our pilot study included 48 patients. Thirty-nine were
known to be within the 4.5 h thrombolysis time window.
In the remaining 9 patients with unknown stroke onset
time, intravenous alteplase was administered on the ba-
sis of a diffusion-weighted imaging (DW1I)-fluid-attenu-
ated inversion recovery (FLAIR) mismatch demonstrated
on an acute brain magnetic resonance imaging (MRI), as per
the WAKE-UP trial.3! The flowchart of patient selection
is shown in Fig. 2. The clinical characteristics of our study
population are highlighted in Table 1. Seventeen patients
had large vessel occlusion (LVO), but mechanical thrombec-
tomy was not performed due to limited availability of this
service in our center at the time. We collected 32 blood
samples before thrombolysis and 36 samples 12 h after
treatment. Twenty-three patients had samples taken at both
timepoints. The UHPLC-MS/MS method provided simul-
taneous quantification of TRP and its 10 most important
metabolites (SERO, KYN, 3-HANA, 5-HIAA, ANA, KYNA,
3-HK, XA, PICA, and QUIN).?° Concentrations of the mea-
sured KYN metabolites of the 23 patients who had sampling
at both timepoints are shown in Table 2. Significant changes
in paired serum levels were observed for KYN, ANA, KYNA,
XA, PICA, and QUIN. Enzymatic activity of IDO, MAO and
KAT were calculated by the following ratios: KYN/TRP,
5-HIAA/SERO and KYNA/KYN, respectively. Enzymatic
activities are also demonstrated in Table 2. The activity
of IDO and MAO decreased significantly after 12 h.

A. Annus et al. Kynurenines are biomarkers of good response

Table 1. Clinical data of our study population (n = 48). Some data were not
available for all patients. These are highlighted after each criteria accordingly

Patient characteristics | Value

Mean age +SD [years] 6733 £12.04
Female 24 (50%)
Male 24 (50%)
Hypertension 41 (85.42%)
Diabetes mellitus 13 (27.08%)
Hyperlipidemia 39 (81.25%)
Smoking 14 (29.17%)
Atrial fibrillation 7 (14.58%)
Coronary artery disease 10 (20.83%)
Mean baseline NIHSS score +5D 8.81 +4.29
Mean baseline mRS score +SD 0.79 +0.77
Large vessel occlusion 17 (35.42%)
Mean SOtN time +SD (min, n = 39) 136.59 £53.9
Mean DtN time £SD (min, n = 47) 5745 +3572
Length of stay in stroke unit [days] 491 +£2.05
Intracerebral hemorrhage after treatment 4(8.33%)
Mean C-reactive protein £SD [mg/L], n = 47) 1044 £18.78
Mean white cell count +5D [g/L] 8.07 £2.31
Mean discharge NIHSS score +SD 6.71 £7.89
Early neurological improvement 19 (39.58%)
Mean mRS score at 30 days +SD (n = 45) 247 £1.84
Mean mRS score at 90 days +SD (n = 40) 238+19
Good functional outcome at day 30 (n = 45) 27 (60%)
Good functional outcome at day 90 (n = 40) 24 (60%)

DtN - door to needle; mRS — modified Rankin Scale; NIHSS — National
Institutes of Health Stroke Scale; SD - standard deviation; SOtN - stroke
onset to needle.

Patients with ENI had significantly lower concentra-
tions of KYNA and lower KAT activity in sample A (in-
dependent sample t-test, p = 0.01, df = 30, t = -2.722; and
Mann—Whitney U test, p = 0.002, z = -3.050, respectively,
Fig. 3). There was no statistically significant difference
in sample B. Regarding the presence or absence of good
outcome at 30 and 90 days, concentrations and enzymatic
activities did not statistically significantly differ in sam-
ples A or B. Receiver operating characteristic analysis for
ENI was performed using KYNA levels and KAT activity
measured before treatment (Fig. 4). The AUC for KYNA
concentrations was 0.74, 95% CI = 0.57-0.91, p = 0.02.
The optimal cut-off value to predict ENI was 37.8 nM (SN
69.2%, SP 68.4%). Similarly, the AUC for KAT activity was
0.82,95% CI = 0.67-0.98, p = 0.002. The optimal cut-off
activity was 0.0127 (SN 92.3%, SP 73.7%).

Discussion

To our knowledge, this is the first study to analyze
the changes in KYN metabolite serum levels and enzymatic
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66 acute ischemic stroke patients
underwent thrombolysis

I

I

4 patientswho had thrombectomy were excluded

62 patients with baseline mRS score
rangingfrom 0 to 4

I

I

14 patients who had baseline mRS score >2 were excluded

48 patients with baseline mRS score
<2 underwent thrombolysis

39 patients with known stroke onset
time

9 patients thrombolysed based
on DWI-FLAIR mismatch

Fig. 2. Flowchart showing patient enrollment in our pilot study

DWI - diffusion weighted imaging; FLAIR - fluid attenuated inversion recovery; mRS — modified Rankin Scale.

Table 2. Mean and median concentrations of KYN metabolites taken before thrombolysis (sample A) and 12 hours after (sample B) alteplase treatment.
Only the results of 23 patients who had sampling at both timepoints are presented. The unit of measurement for all metabolites is nanomoles (nNM).
Enzymatic activities are also shown (these ratios do not have units of measurement). Concentrations are expressed as mean +SD if the distribution was
normal or median and interquartile range when data was nonparametric. Concentrations and enzymatic activities were compared with either paired
sample t-test (if the distribution was normal) or Wilcoxon matched-pairs signed-ranks test (when data was nonparametric)

Metabolites and

Sample A (nM) (n = 23)

Sample B (nM) (n = 23)

enzymes
SERO 655.34 +301.3
KYN 3669.52 £1044.79
3-HANA 53.07 (40.9-79.74)
TRP 46,371.75 (41,588.69-54,644.26)
5-HIAA 96.58 £35.47
ANA 53.75(38.73-68.44)
KYNA 45.44 £20.02
XA 11.27 (5.8-16.51)
3-HK 125.68 (79.33-175.98)
PICA 43.33(34.09-52.22)
QUIN 673.69 +230.82
IDO 0.08 +0.02
MAO 0.16 (0.11-0.21)
KAT 0.01(0.01-0.02)

680.97 £263.54 044
3413.1 £111447 0.03
43.33 (35.58-62.01) 0.05
50,599.91 (41,798.89-53,961.54) 0.56
88.15 +36.29 0.18
43.8(27.07-60.2) 0.01
3769 £14.55 0.004
4.58(2.56-7.93) 0.001
115.73 (87.04-161.72) 0.26
29.47 (24.12-39.6) <0.001
620.26 +236.66 0.001
0.07 £0.02 0.02
0.12 (0.08-0.2) 0.02
0.01(0.01-0.01) 0.14

3-HANA - 3-hydroxyanthranilic acid; 3-HK - 3-hydroxykynurenine; 5-HIAA — 5-hydroxy-3-indoleacetic acid; ANA — anthranilic acid; IDO — indoleamine
2,3-dioxygenase; KAT — kynurenine aminotransferase; KYN — kynurenine; KYNA — kynurenic acid; MAO — monoamine oxidase; PICA — picolinic acid;
QUIN - quinolinic acid; SD - standard deviation; SERO - serotonin; TRP — tryptophan; XA — xanthurenic acid.

activity in acute ischemic stroke patients who received
thrombolytic treatment.

The main finding of our pilot study is that ischemic stroke
patients with ENT after thrombolysis have significantly
lower concentrations of KYNA and lower KAT activity
at baseline. Therefore, we propose that pre-thrombolysis

KYNA levels and KAT activity are potential biomarkers
of ENIL It should be highlighted that ENI was defined
as the difference between the admission and discharge
NIHSS scores, although we are aware that ENI is usually
calculated with the NITHSS score taken 24 h after symptom
onset or treatment.?” The mean time difference between
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the interquartile range (IQR)). Outliers are shown as circles

KAT — kynurenine aminotransferase; KYNA — kynurenic acid.
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Fig. 4. Receiver operating characteristic (ROC) curve showing
the accuracy of KYNA concentration and KAT activity (measured before
thrombolysis) in predicting early neurological improvement

KAT - kynurenine aminotransferase; KYNA — kynurenic acid.

the admission and discharge date in our population was
4.91 days. We believe that this five-day difference does
not confound the treatment effect size of intravenous al-
teplase. Our view is that the true effect of thrombolysis
is better reflected in the short-term NIHSS change than
in the 30 and 90 day mRS scores, which are more depen-
dent on a number of additional factors, such as the pre-
stroke condition of patients, comorbidities, polypharmacy,
the availability and quality of rehabilitation, and support
provided by family.

Based on our previous research in animal stroke models,
we had hypothesized that levels of neuroprotective KYNA

would be higher in patients with better outcomes.!333
However, lower concentrations of KYNA and lower KAT
activity were found to predict good treatment response,
with good sensitivity and specificity. Our findings support
previous observations by Darlington et al. of higher KYNA
levels being detected in patients who died within 21 days
after ischemic stroke compared to those who survived.!!
It is unclear why increased levels of KYNA are associated
with worse clinical outcome in ischemic stroke. One pos-
sible explanation is that KYNA is an endogenous NMDAR
antagonist; therefore, it could further decrease synaptic
activity in brain ischemia and, consequently, worsen brain
function.'34 It has also been reported that KYNA can in-
terfere with mitochondrial respiration, resulting in reduced
ATP synthesis and increased levels of oxidative stress.?®

We did not find any correlation between KYN metabo-
lites or enzymes and good functional outcome measured
30 and 90 days after the stroke. This finding was somewhat
surprising, given the results of the ROC analysis. Brouns
et al. reported that the KYN/TRP ratio correlated with
the mRS score 3 months after the ischemic stroke.!® Pos-
sible explanations behind the lack of correlation in our
study are the small sample size and the effect of throm-
bolytic treatment.

Limitations

The main limitations of our pilot study are the small
sample size and the absence of a control group. An ideal
control group would have been acute ischemic stroke pa-
tients who did not receive alteplase treatment. However,
this would have been unethical, given the evidence sup-
porting thrombolytic treatment.3¢
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We could not obtain blood samples from every patient
at both timepoints due to occasional limited availability
of our biobank facility, and the loss of several patients be-
fore follow-up. Due to the small number of individuals
included in our study, logistic regression analysis was not
applicable.

Also, it is important to note that KYN metabolites
were measured from the serum of patients. Therefore,
our findings do not necessarily reflect the intracerebral
changes in KYN metabolites and enzymes in the setting
of acute ischemic stroke. It has been previously reported
that approx. 40% of KYN is produced locally in the central
nervous system and the remaining 60% is taken up from
circulation.?” Metabolites that can cross the blood-brain
barrier (BBB) via large neutral amino acid transporters are
TRP, KYN and 3-HK.2%38 Kynurenic acid only has a limited
ability to traverse across the BBB.

Conclusions

In conclusion, our pilot study provides further evidence
that the KYN pathway is already activated within the first
few hours after symptom onset in acute ischemic stroke.
‘We propose that baseline serum KYNA concentration and
KAT activity are potential biomarkers predicting early
treatment response to thrombolytic therapy in stroke.
Consequently, genetic polymorphisms of KAT could also
hold promise as a further research target. Future studies
with larger samples, well-chosen control groups and rigor-
ous methodology are needed.
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Abstract

Background. Osteogenesis imperfecta (O1) is a genetic disorder that causes skeletal fragility, multiple
fractures and several extraskeletal disorders. Most cases of Ol are caused by mutations in COLTA1/A2. Osteo-
genesis imperfecta type VIl typically causes a severe and fatal phenotype that presents at birth with severe
osteopenia, congenital fractures and other clinical manifestations.

Objectives. We describe the cases of an 11-year-old female and a 9-year-old male with homozygous
truncating mutationsin P3H1. Both cases were born with intrauterine fractures and suffered multiple fractures
shortly after birth, requiring multiple operations to correct both fractures and severe scoliosis. The patients
have been treated with pamidronate since the age of 2.

Materials and methods. Whole exome sequencing (WES) was performed by Gene by Gene using Twist
Bioscience technology. Initially, ~36.5 Mb of consensus coding sequences (targeting >98% of RefSeq and
Gencode v. 28 regions obtained from the human genome) was replicated from fragmented genomic DNA
using the Twist Human Core Exome Plus kit. The subsequent library was sequenced on the lllumina Novaseq
Next Generation Sequencing platform to achieve atleast x20 reading depth for >98% of the targeted bases.
Variant annotations and filtering was performed using Ingenuity Variant Analysis software.

Results. We identified a homozygous mutation in the 3 exon of P3H7 (.628C>T/p.Arg210 Ter). Our cases
broaden the phenotypic spectrum of Ol type VIll as, to the best of our knowledge, these are the first postnatal
cases with P3HT (c.628C>T/p.Arg210 Ter) mutations published in the literature.

Conclusions. We present the first recorded postnatal cases from unrelated families of Ol type VIII, broadening
our understanding of the severe, but nonfatal spectrum of clinical phenotype of this recessive form of 0.

Key words: osteogenesis imperfecta, severe, homozygous mutation, P3H7, LEPRE
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Background

Osteogenesis imperfecta (O]) is a clinically and geneti-
cally heterogeneous skeletal dysplasia that occurs in approx.
1 in 10,000-20,000 births.! It is characterized by multiple
fractures caused by skeletal fragility and extra-skeletal find-
ings, such as blue sclera, dentinogenesis imperfecta, hearing
loss, joint hypermobility, and hyperlaxity.! Most OI cases
(type I-1V) are associated with heterozygous mutations
in COL1IAI (MIM 120150) or COL1A2 (MIM 120160), which
encode the type I procollagen alpha chain to proalphal
and proalpha2.! Osteogenesis imperfecta type V is caused
by heterozygous mutations in JFITM5 (MIM 614757).2

Osteogenesis imperfecta types VI-XV are inherited
in a recessive manner.®> Homozygous truncating muta-
tions in P3HI (LEPRE 1) (NM_022356) are responsible for
Ol type VIII and were first reported in 2007.* The P3H1
encodes prolyl 3-hydroxylase 1, which forms a molecular
complex with cyclophilin B, encoded by the cartilage-
associated protein (CRTAP) and peptidyl prolyl isomer-
ase B (PPIB). The P3H1 is involved in the post-translational
modification of collagen in the endoplasmic reticulum and
prolyl 3-hydroxylation of specific proline residues (espe-
cially al (I) Pro986).>¢ So far, 48 different mutant P3H1
alleles have been reported in patients with OI.”

Objectives

We describe 2 cases — of an 11-year-old female and
a 9-year-old male — with a clinical presentation of severe
O, and identify a homozygous mutation in the 3'¢ exon
of P3HI (c.628C>T/p.Arg210 Ter). Our cases broaden
the phenotypic spectrum of OI type VIII as, to the best
of our knowledge, these are the first postnatal cases with
P3HI (c.628C>T/p.Arg210 Ter) mutations published
in the literature.

Case reports
Case 1

The female patient was 11 years and 7 months of age
at the time of the study. She was born from the first preg-
nancy of a 21-year-old mother. The mother and 27-year-old
father of the child were first cousins, Turkish in origin, and
had a height of 150 cm and 180 cm, respectively. Neither
of the parents had a history of chronic illness or fracture.
The patient was an only child, and the mother had no his-
tory of stillbirth or miscarriage. Moreover, there was no
known familial history of OI or any other bone dysplasia.

The mother’s pregnancy was followed up every 4—8 weeks
starting from the 8" gestational week, and no mater-
nal medical problems affecting pregnancy were found.
She took prenatal vitamins regularly. The ultrasound
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performed during the 12" gestational week revealed the fe-
tus had curved and short legs. The amniotic fluid level was
normal. The patient was born in the 39" gestational week
via normal vaginal delivery without intervention. Her birth
weight was 3020 g and height was 47 cm.

Her right upper arm was swollen, and leg movements
were reduced on the 1% postnatal day. The patient was
evaluated by orthopedic surgeons, and direct radiographic
examination was performed. Fractures were detected
in the right humeral diaphysis, right clavicle, distal aspect
of both the femurs, right proximal tibia, right distal fibula,
and left distal tibia. Spinal body fracture was not detected.
Chronic changes were detected in the symmetrical, curved
and weakened femurs and ribs, suggesting intrauterine
fractures.

Pamidronate treatment at a dose of 9.0 mg/kg/year was
initiated when the patient was 2 years of age. She underwent
a total of 6 operations, 5 of which were for the fractures
and 1 for scoliosis, and she has been followed up for the last
3 years, over which she did not sustain any new fractures.
The latest bone mineral density (BMD) of the patient was
-2.2 SDS (standard deviation score). During follow-up,
her calcium, phosphorus and alkaline phosphatase levels
were normal, and she was given vitamin D supplements
to ensure that her 25-hydroxy vitamin D (25(OH)D) levels
were within the normal range.

On physical examination, her height was -7 SDS and
weight was —4.7 SDS, according to her age and sex. The pa-
tient had normal results for echocardiographic, urinary,
hearing and dental examinations, and did not have blue
sclera (Table 1). Both femurs had anterolateral curvatures.
The patient was able to walk with the help of a walker.
Radiographic examinations of the patient demonstrated
severe osteopenia, thoracolumbar scoliosis, diaphyseal ex-
pansion in the distal humerus and proximal radioulnar
metaphyses, trabeculae in the bones, and popcorn-like
concentric concentrations (Fig. 1, 1a—f).

No mutation was found in COL1AI, COLIA2, CRTAP,
and SERPINHI in the initial genetic analyses of the pa-
tient. Following the initial investigations, whole exome
sequencing (WES) was performed using peripheral blood
in the Microgen Genetic Diseases Diagnosis Center,
Ankara, Turkey, and a homozygous nonsense mutation
(c.628C>T/p.Arg210 Ter) was detected in the 3" exon
of P3H1. Mutations in CRTAP, PPIB, FKBP10, SERPINFI,
PLOD2, SERPINH]I, SP7, or ALPL were excluded using
WES. The patient’s mother and father were found to be
heterozygous for the same mutation, based on the targeted
mutation analyses.

Case 2

The male patient was 9 years and 3 months of age
at the time of evaluation. He was born from the 2" preg-
nancy of a 30-year-old mother, whose 1% child was a 10-year-
old, healthy female at the time of the investigation.
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Fig. 1. Autosomal recessive osteogenesis imperfecta (Ol)
phenotype due to P3H1 mutations (clinical presentation and
skeletal graphs). Severe scoliosis, asymmetry of the lower limbs,
thin bones, and severe deformities in the femurs, tibias and
fibulas were observed. 1a. Clinical pictures of case 1 (11 years
and 7 months of age: walks and stands with assistance);

2a. Clinical pictures of case 2 (9 years and 3 months of age: walks
and stands with assistance); 1b and 2b. Anteroposterior (AP)
view of the thoracolumbar spine on radiography; 1c and 2c.
The AP view of thoracolumbar scoliosis on a radiograph

taken postoperatively; 1d. Bilateral tibia and fibula showing
anterolateral curvatures; 2d. Lateral view of thoracolumbar
scoliosis on a radiograph taken postoperatively;

e and 2e. Postoperative radiographic images showing nailing
and healing of the fracture; 1f and 2f. Severe deformities

of the upper limbs. Informed consent was obtained from

the patients prior to publishing these images
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Table 1. Clinical features of the presented cases

Parameter | Case 1
P3H1 (LEPRET) mutation
Growth data

scoliosis,
Spinal abnormalities
compression

Rhizomelia yes

Bone mineral density score (pre- and
post-biphosphonate therapy) (SDS)

(c.628C>T/p.Arg210 Ter)

birth term, 3.2 kg
current age [years] 11
weight (SDS) -47
length (SDS) -7
Facial features
facial shape triangular
scleral hue white
dentiogenesis imperfecta no
Hearing loss no
severe Ol,
FETCIS type B progressive
Pulmonary functions normal
Echocardiography normal

multiple T-L vertebral

-8.1 (pre-therapy)
-2.2 (post-therapy)

M.M. Bala, K.A. Bala. Homozygous mutation in P3H1 (LEPRE1)

| Case 2
(c.628C>T/p.Arg210 Ter)

term, 2.8 kg
9
-9
-6.6

triangular
white
no

yes

severe Ol,
type B progressive

moderate restrictive
normal

scoliosis,
multiple T-L vertebral
compression

yes

-9.3 (pre-therapy)

-3.7 (post-therapy)

Ol - osteogenesis imperfecta; SDS - standard deviation score; T-L — thoracolumbar.

The mother and 35-year-old father were of Turkish origin,
not related, and had a height of 157 cm and 175 cm, re-
spectively. Neither of them had a history of chronic illness
or fracture. Moreover, the mother had no history of still-
birth or miscarriage, nor any known familial history of OI
or other bone dysplasia.

The pregnancy was followed up every 4-8 weeks
starting from the 6" gestational week, and no maternal
medical problems that may affect the pregnancy were
found. The mother took prenatal vitamins regularly.
The fetus was found to have short legs during an ultra-
sound in the 12" gestational week. The amniotic fluid
level was normal. The child was delivered via cesarean
section in the 38" gestational week. His birth weight was
2850 g and height was 48 cm.

The patient had swollen arms and legs on the 1 post-
natal day. Orthopedic surgeons evaluated the patient and
direct radiographic examination was conducted. Fractures
were detected in both, the distal femurs and humeri. Spinal
body fractures were not detected.

Pamidronate treatment at a dose of 9.0 mg/kg/year
was initiated when the patient was 2 years old. He un-
derwent a total of 11 operations, 10 of which were for
fractures and 1 was for scoliosis, and the patient has
been followed up for the last 2.5 years, over which time
he did not sustain any new fractures. The latest BMD
of the patient was -3.7 SDS. During follow-up, the pa-
tient’s calcium, phosphorus and alkaline phosphatase
levels were normal, and vitamin D supplements were
administered to ensure that his 25(OH)D levels were
within the normal range.

On physical examination, the patient’s height was
-6.6 SDS and weight was —9 SDS, according to his age
and sex. His echocardiographic and dental examinations
were normal. However, conductive deafness in the right ear
and bilateral nephrolithiasis were detected on the audio-
logical and urinary examination, respectively. He did not
have blue sclera, but had frequent pulmonary infections
due to restrictive lung disease (Table 1). The patient was
unable to walk because of his almost immobile legs. Severe
osteopenia, thinning of long bones, marked appearance
of epiphysis, and curvatures caused by multiple fractures
were observed on radiographic examinations. The ribs
were extremely thin and thoracolumbar scoliosis was also
observed (Fig. 1,2a—f).

The COL1AI, COL1A2, CRTAP, and SERPINH1 genes
were excluded in the initial patient’s 1% genetic analysis.
Subsequent WES analyses of the patient demonstrated
ahomozygous pathogenic variant (c.628C>T/p.Arg210 Ter)
in the 3" exon of the P3HI gene (performed at the Mi-
crogen Genetic Diseases Diagnosis Center). Mutations
in other genes, including CRTAP, PPIB, FKBP10, SER-
PINF1, PLOD2, SERPINH1, SP7, and ALPL, were excluded
using WES. Sanger sequencing of parental DNA samples
revealed that both parents were heterozygous for ¢.628C>T.

Method of genetic analyses

Whole exome sequencing was performed by Gene by Gene
using Twist Bioscience technology (Microgen Genetic Dis-
eases Diagnosis Center). Initially, ~36.5 Mb of consensus
coding sequences (targeting >98% of RefSeq and Gencode
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v. 28 regions obtained from the human genome) were repli-
cated from fragmented genomic DNA using the Twist Hu-
man Core Exome Plus kit (Twist Bioscience, South San Fran-
cisco, USA). The subsequent library was then sequenced
on the Illumina Novaseq NGS (Illumina, San Diego, USA)
platform to achieve at least a x20 reading depth for >98%
of the targeted bases. Variant annotations and filtering was
performed using the Ingenuity Variant Analysis software
(Qiagen, Hilden, Germany).

Discussion

The P3H1 (c.628C>T/p.Arg210 Ter) was first reported
by Willaert et al. in a consanguineous Turkish family.®
The mother had 2 pregnancies in which the fetuses were
found to have genetic mutations, and elective termina-
tion was performed at the 20" and 18" gestational week,
respectively. To the best of our knowledge, our cases are
the first recorded postnatal cases of OI type VIII carry-
ing homozygous P3H1 (c.628C>T/p.Arg210 Ter) mutation.

The P3HI1 mutations typically have a clinical presentation
of severe or fatal Ol, and are characterized by rhizomelic
short limb, white sclera, severe demineralization of bones,
excessive growth retardation, intrauterine fractures, and
bulbous expansion of metaphyses.* Similar to typical P3H1
mutations in literature, our cases also had considerably short
stature, severe demineralization, white sclera, and fractures
detected at birth. According to the Van Dijk and Sillence cri-
teria, the 2 patients were classified into OI type B group with
progressive deformation and severe OI group.” Currently,
Willaert et al. is the only publication to present cases with
the same mutation.® Their study reported a case of siblings
who were electively aborted, and hence there was no data
on postnatal physical examination findings. In addition,
similar to their findings, intrauterine skeletal dysplasia-
associated findings were detected in both of our cases.

Literature on pamidronate treatment in OI type VIII
is limited. In a case published by Santana et al., pami-
dronate treatment was initiated at 7 weeks of age. Al-
though the measurements were made using different
equipment in different centers, a good response was
obtained with >300% improvement.!® Takagi et al. also
reported an OI type VIII case in which pamidronate
treatment was started at 2 months of age. The patient
developed very few fractures and presented a good re-
sponse.® In both of our cases, pamidronate treatment
was started at ~2 years of age at a dose of 9.0 mg/kg/year.
These patients, who were followed up in different clinics
until they presented to our center, had a history of many
fractures because of starting the treatment later than
the previous cases. In their study, Willaert et al. reported
a significant improvement in BMD Z-score (from -11.0
to —6.8) in an OI type VIII case of a six-year-old patient
treated with pamidronate.® When our patients presented
to our center, their BMD Z-scores were —2.2 SDS and

1237

-3.7 SDS for case 1 and case 2, respectively. This indi-
cated that they responded well to the treatment. They
were followed up and did not sustain any new fractures
over the last 3 years.

The ¢.628C>T mutation in P3H1 was identified as patho-
genic.® A significant decrease in P3HI mRNA was observed
on evaluation of fibroblast samples from fetuses with this
mutation, using quantitative polymerase chain reaction
(qPCR), as expected with the degradation of mutant tran-
scripts by the nonsense-mediated decay pathway. They
found that mRNA expression in the patients’ parents, who
were heterozygous carriers of these nonsense P3H1 muta-
tions, was similar to that of the control group. The western
blot analysis of fibroblast cell lysates probed with anti-
P3H1I antibody showed that P3HI1 was completely absent
in patients and slightly decreased in their parents.

Interestingly, in the review from 2010, Marini et al.
reported 17 mutant P3H1 alleles occuring through-
out the gene.® Most of these mutations showed a loss
of P3H1 expression in real-time reverse transcription PCR
(RT-PCR) with RNA isolated from the patients’ fibroblasts.*
Mrosk et al., in their study on genotype—phenotype corre-
lation, found 5 novel pathogenic variants in P3H1 in 5 cases
in an Indian OI cohort. Moreover, they observed a variant
that was predicted to affect a donor splice site, resulting
in a splicing alteration in another patient.!! Scollo et al.
reported a retinal tear in a 9-year-old OI type VIII case
with a ¢.1914 + 1G>A (NM_001243246.1) homozygous
mutation in P3H1.!2 Furthermore, de Souza et al. reported
retinal detachment in a 28-year-old Ol type VIII case with
a similar mutation (c.1914 + 1G>C (NM_001243246.1)).13
However, fundoscopic examinations of our cases were
found to be normal.

Fratzl-Zelman et al. performed the first study in the lit-
erature on the effect of null mutations in P3HI on the pa-
tient’s bone tissue. They evaluated bone histology and his-
tomorphometry, bone mineralization density distribution,
and procollagen 3-hydroxylation measurements in bone
and skin tissue in non-lethal OI type VIIL.* Although
the bones sampled from these OI type VIII children re-
sembled those of Ol type V1], its distinctive features were
bone matrix hypermineralization, extremely thin trabecu-
lae, focal osteoid deposition, and an increase in the propor-
tion of bone with low mineral density.

Li et al. found that P3HI mutations had a prevalence
of 4.05% in an autosomal recessive OI Chinese cohort,
and they reported 3 mutations, including 2 new muta-
tions (c.652G>T; ¢.1948G>C, ¢.652G>T; ¢.2164C>T), and
1 previously reported mutation (c.1466T>C; c.1915-1G>A).
The most common clinical manifestations were reported
to be gait problems, scoliosis and frequent fractures (frac-
tures >2/year) in this autosomal recessive OI cohort, which
was similar to our cases.!® Madhuri et al. found 2 new homo-
zygous duplications in P3H1 in an Indian OI cohort of 52 pa-
tients (c.2131dup (p.Leu711Profs*19) (SCV000987189)
and ¢.1980dup (p.Val661Serfs*33) (SCV000987190)).1
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Progressive deformities, blue sclera, recurrent long bone
fractures, rhizomelia, scoliosis/kyphosis, vertebral com-
pression fractures, and wormian bones have been reported
in these children, which are similar to the findings in our
cases. The researchers have also observed a previously re-
ported variant (c.1346-1G>C) in 5 of their patients, and
considered it a recurrent P3H1 variant in India.

Pepin et al. examined 200 samples from an African popu-
lation and a neonatal death record of a hospital in Tobago,
and they found the prevalence of carriers of the ¢.1080 +
1G>T mutation in P3HI was approx. 1 in 200.” During se-
quence analysis, they found a surprisingly high LEPRE1 al-
lelic diversity in the DNA samples from Tobago. These find-
ings suggested that the milder end of the clinical spectrum
may be due to the as yet unidentified missense mutations
in P3H1. Caudevilla Lafuente et al. reported 1 (fatal) homozy-
gous case in which both parents were heterozygous carriers
of the most common variant (c.1080 + 1G>T/IVS5 + 1G>T)
in P3H1 in West African populations.!® They also reported
a case having a previously reported pathogenic heterozy-
gous variant (c.1080 + 1G>T (i5) with ¢.35T>G (p.Leul2Arg)
exon 1, P3HI1-VUS and ¢.969C>T (p.Gly323Gly) exon 7,
SERPINFI gene-VUS). However, this case exhibited a very
severe, although nonfatal clinical course. Finally, Tonelli
et al. found that the defective chaperone role of the 3-hy-
droxylation complex was the primary cause of the skeletal
phenotype.l” However, Cabral et al. observed that the func-
tions of the modification complex as a collagen chaperone
are distinct from its role as prolyl 3-hydroxylase.?

Limitations

Our study has several limitations. First, we only have
2 cases, although our findings may be useful in clinical
practice. Second, we could not study in vivo or in vitro
models, and hence, there is a need for further studies
in this field.

Conclusions

In conclusion, we reported cases of OI type VIII from
2 unrelated families that are the first postnatal cases
in which this mutation was detected, and they presented
a more severe, but nonfatal spectrum of the clinical phe-
notype of this recessive form of OI.
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Abstract

Background. In recent years, many novel myositis-specific autoantibodies (MSAs) have been identified.
However, their links with the pathogenesis and clinical manifestations of inflammatory myopathies remain
uncertain.

Objectives. To characterize the population of adult dermatomyositis (DM) and polymyositis (PM) patients
treated at our center for autoimmune diseases using clinical and laboratory measures.

Materials and methods. According to the Bohan and Peter criteria, we retrospectively analyzed patients
who fulfilled diagnostic criteria for DM or PM. Myositis-specific autoantibodies and myositis-associated
autoantibodies (MAASs) were identified using immunoblot assays.

Results. Fifty-one PM (71% women) and 36 DM (67% women) Caucasian patients with a median age
of 58 (range: 21-88) years who met the definite or probable diagnostic criteria for myositis were included
in the study. Myositis-specific autoantibodies were identified in 63 (72%) patients, whereas MAAs were
observed in 43 (49%) of them. Interstitial lung disease (ILD) was characteristic of PM patients (67%, X with
Yates's correction (x?) = 13.8078, df =1, p = 0.0002), being associated with anti-Jo-1 or anti-PL-12 antibodies
(fraction comparison test (FCT) 6.4878, p < 0.0001, 6.8354, p = 0.0003, respectively). Interestingly, among
patients with anti-MDA5 antibodies (n = 8, 9.2%), all but one had an amyopathic form, with more frequent
ILD, skin changes and arthralgias than observed in other patients (FCT 4.7029, p = 0.0228 and p = 7.7986,
p=0.0357,p=147029 and p = 0.0228, respectively). Anti-signal recognition particle (SRP) was strongly
associated with the Raynaud’s phenomenon (FCT 4.1144, p = 0.0289) and the highest muscle injury mark-
ers (Mann—Whitney U test, z = 2.5293, p = 0.0114). Malignancy was recorded in 14 (16%) patients and
was equally common in those with PM and DM. The anti-TIF-Ty was the most frequently related to cancer
¥ =14.7691,df =1, p < 0.0001). The anti-Mi-2a, similarly prevalent in DM and PM, was typically accom-
panied by skin changes (FCT 7.7986, p = 0.0357) but not ILD (FCT 8.7339, p = 0.0026).

Conclusions. Identification of MSAs might help to predict the clinical course of the autoimmune myopathy
and malignancy risk. However, these antibodies were absent in about 30% of patients with typical PM or DM
manifestations, which encourages further research in this area.

Keywords: myositis-specific antibodies, polymyositis, dermatomyositis, idiopathic inflammatory myopathies
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Background

Dermatomyositis (DM) and polymyositis (PM) belong
to the heterogeneous group of rare inflammatory my-
opathies. The prevalence of these disorders ranges from
5 to 22 per 100,000. Interestingly, in Europe, morbidity
significantly increases from the north to the south, likely
due to the environmental or genetic factors.!

Multiple epidemiological studies have reported an associa-
tion between inflammatory myopathies and cancer, strongly
linked with DM.?~* It has been demonstrated that even 1/3
of patients with DM may present malignancy in the 3 years
after DM diagnosis. An exact explanation for this relation-
ship remains unknown, although it may be related to altered
cellular and humoral immunity.>¢ Interestingly, the type
of associated neoplasm varies between races. In the Asian
population, the most frequent is nasopharyngeal and lung
cancer, while in Europe and North America, it is ovarian
cancer.”

Few reports have described the clinical manifestations
of inflammatory myopathies over the world. However,
the clinical presentation seems to be similar and inde-
pendent of race. Both diseases are characterized by proxi-
mal skeletal muscle weakness and evidence of immune-
mediated muscle injury. On the other hand, skin changes
are more common in DM and may not be accompanied
by laboratory confirmed or clinically diagnosed muscle
injury. In turn, interstitial lung disease (ILD), dysphagia
and polyarthritis occur with the same frequency in both
disorders, together with constitutional symptoms and
the Raynaud’s phenomenon.®

The exact pathogenesis of inflammatory myopathies
remains unknown. However, autoantibodies in peripheral
blood and T cell muscle infiltrations suggest an autoim-
mune background with unidentified or heterogenic anti-
gens. It has been postulated that capillary, myofiber and
keratinocyte injury in DM might be related to the interfer-
ons’~ M and antigen-antibody complexes.!?13 On the other
hand, common PM findings include the endomysial T cells
surrounding and invading myofibers,!*1> and muscle infil-
tration of macrophages,'>® myeloid dendritic cells!” and
plasma cells.'

The PM and DM are diagnosed based on clinical pre-
sentations and laboratory findings, including the presence
of myositis-specific autoantibodies (MSAs) and myositis-
associated autoantibodies (M A As). Myositis-specific au-
toantibodies are considered relatively specific for DM/PM,
whereas MA As may also be found in other autoimmune
diseases.

The MSA group consists of antibodies directed against
aminoacyl-transfer RNA synthetases, such as anti-Jo-1,
anti-PL-7, anti-PL-12, anti-OJ, and anti-E]J. The other iden-
tified antigens for MSAs include a signal recognition par-
ticle (anti-SRP antibody), nuclear helicase Mi-2 (anti-Mi-2
antibody), 155-kD nuclear protein transcriptional interme-
diary factor 1 gamma (anti-TIF-1y antibody), RNA helicase
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encoded by the melanoma differentiation-associated gene
5 (anti-MDA5 antibody), nuclear matrix protein 2 (anti-
NXP-2 antibody), and small ubiquitin-like modifier acti-
vating enzyme (anti-SAE1 antibody). To date, a few publi-
cations have suggested that the type of detected MSA may
indicate PM and DM specificity, and thus may help to pre-
dict clinical prognosis, including cancer risk.'*-2! However,
there is a deficiency of large-scale studies characterizing
patients with inflammatory myopathies in the Caucasian
population.

Objectives

This study aimed to analyze the population of adult DM
and PM patients with particular MSAs and MA As treated
at our large center for autoimmune diseases in southern
Poland to determine whether the presence of specific an-
tibodies is associated with certain clinical and laboratory
features.

Materials and methods
Study design

A retrospective analysis of clinical and laboratory data
was carried out.

Setting

This study was conducted in the Department of Allergy
and Clinical Immunology, University Hospital, Krakéw,
Poland, from October 1, 2014 to September 30, 2019.

Participants

All included patients fulfilled the diagnostic criteria for
DM or PM. The diagnosis of myositis was established ac-
cording to the Bohan and Peter criteria, which include:
1) symmetrical, progressing muscle weakness of the limb-
girdle muscles; 2) muscle biopsy evidence of myositis;
3) increased serum levels of muscle-associated enzymes
(creatine kinase (CK), aldolase, lactate dehydrogenase
(LDH), transaminases); 4) electromyographic features
of primary muscle damage; and 5) skin rashes, typical for
DM. If the patient fulfilled the first 4 criteria, “definite
PM” was diagnosed. If they met 3 of the first 4 criteria
then “probable PM” was diagnosed, while in the case of 2,
“possible PM” was established. On the other hand, “def-
inite DM” was diagnosed if the patient had a rash and
3 of the elective criteria listed above, “probable DM” was
diagnosed in those with a rash and 2 elective criteria, and
“possible DM” was established when rash and any myositis
criterion were observed. Only those who met “definite”
or “probable” myositis criteria were included in the study.
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Variables

The complete medical history of patients, results of labo-
ratory tests, spirometry and echocardiographic investiga-
tions, and high resolution computed tomography (HRCT)
of the chest scans were recorded. Potential confounders
such as obesity, smoking, hypertension, hypercholester-
olemia, diabetes mellitus, heart failure, coronary artery
disease, kidney disease, liver failure and other autoimmune
diseases were taken into account in the statistical analysis.

Data sources/measurement

Antinuclear antibodies (ANAs) were detected with an in-
direct immunofluorescence assay using Hep-2 cell lines.
The MSAs and MAAs were identified with immunoblot-
ting (Euroline, Liibeck, Germany). The MSAs analyzed
included anti-Jo-1, anti-PL-7, anti-PL-12, anti-E]J, anti-OJ,
anti-SRP, anti-Mi-2q, anti-Mi-23, anti-TTF-1y, anti-MDAS5,
anti-NXP-2, and anti-SAE1. The MAAs were also identi-
fied, including anti-PM-Scl 75, anti-PM-Scl 100, anti-Ku,
anti-SSB/La, anti-SSA/Ro, and anti-Ro-52 kDa.

Interstitial lung disease was diagnosed by a radiologist based
on interstitial lung infiltration (ground glass and reticular
opacities, or honeycombing) demonstrated on HRCT scans.
Constitutional symptoms included fever, weight loss and fa-
tigue. The high probability of pulmonary hypertension (PH)
was assessed based on echocardiography when pulmonary
artery systolic pressure was above 45 mm Hg. This approach
has a 95% specificity compared to right heart catheterization,
which is considered the gold standard for PH diagnosis.

Quantitative variables

Laboratory features of muscle injury were defined as cre-
atine kinase, myoglobin high-sensitive (hs) I troponin
levels above the upper limit of the normal range (>180 U/L,
>110 pg/L and >47.3 pg/L, respectively). An ANA titer
higher than 1:160 was considered positive.

Bias

Two researchers checked the accuracy and relevance
of the database.

Study size

In order to obtain the appropriate number of patients
with rare diseases such as DM and PM treated at 1 center,
the enrollment of patients into the study lasted for 5 years.

Statistical methods
Statistical analyses were performed using STATISTICA

Tibco v. 13.3 software (StatSoft, Tulsa, USA). The Shapiro—
Wilk test was used to evaluate the data distribution. According
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to the data distribution, continuous variables are shown
as the mean and standard deviation (SD) or median and in-
terquartile range (IQR), as appropriate. Categorical variables
are given as numbers and percentages. In comparison to other
MSA types, patient subsets were compared using the x? test
with the Yates’s correction. The Mann—Whitney U test and
the fraction comparison test (FCT; i.e,, standard z-test compar-
ing proportions or its equivalent) were also applied depending
on the number of elements. The considered proportions were
obtained from conditional probability distributions. A value
of p < 0.05 was considered statistically significant.

Results

A total of 87 patients were identified, with 51 (58.6%) meet-
ing the PM criteria and 36 (41.4%) meeting the DM criteria.
All patients were of the white Caucasian race. The demo-
graphic, clinical and laboratory characteristics of these pa-
tients are provided in Table 1. Women (n = 60) constituted
a group more than twice as large as men (n = 27). The me-
dian age of the analyzed individuals was 58 (range: 21-88)
years, while the median disease duration since the onset was
3.5 (range: 0.7-8) years. Statistical analysis did not confirm
the influence of potential confounders such as obesity, smok-
ing, hypertension, hypercholesterolemia, diabetes, heart fail-
ure, coronary artery disease, kidney disease, liver failure and
other autoimmune diseases on the observed relationships.

As expected, ILD was significantly more common in pa-
tients with PM (n = 34, 66.7% of PM patients) than DM (n =9,
25% of DM patients, x2 = 13.8078, df = 1, p = 0.0002). Cancer
was diagnosed in 14 (16%) subjects with 7 cases in each sub-
group. The majority of patients were treated with corticoste-
roids (n = 83, 95.4%). Thirty (34.4%) individuals also received
methotrexate, 29 (33.3%) azathioprine, while mycophenolate
mofetil was used by 13 (14.9%) subjects. Patients with a more
severe disease received cyclophosphamide and/or rituximab
(n=32(36.8%) and n = 8 (9.2%) for PM and DM, respectively).

Immunological characteristics of PM
and DM patients

Detectable ANAs were reported in 73 (83.9%) patients,
MSAs in 63 (72.4%) and MAAs in 43 (49.4%) of them.
The most frequent was anti-Ro-52 (n = 32, 36.8%) followed
by anti-Jo-1 (n = 17, 19.5%), and both of these antibodies
often coexisted (x2 = 5.0633, df = 1, p = 0.0244). Figure 1
depicts the MSA frequency in the cohort.

Associations of MSAs with clinical
and laboratory presentations

Table 2 presents the leading associations between MSAs
and clinical symptoms, as well as imaging and laboratory
investigations. These associations are also briefly described
in the following paragraphs.
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Table 1. Clinical characteristics of subjects studied

Variable Polymyositis (PM) Dermatomyositis (DM) PM compared to DM
n=>51 n=36 p-value
- = G0 59(21-79) Mann-Whitney U test, z= 0.4047
p=09624
0 w2 = 00238, df = 1
Females, n (%) 36 (71) 24(67) p=0.8775
- ) x2 = 0.0565, df = 1
Constitutional symptoms, n (%) 20 (39) 12(33) p=08122
B ] 2 =00328, df = 1
Elevated muscle injury markers, n (%) 36 (71) 24(67) p = 08564
- ) X2 = 12407, df =1
Shoulder/pelvic girdle weakness, n (%) 36 (71) 30(83) p=02653
N . . X& =13.8078,df =1
Interstitial lung disease, n (%) 34(67) 9(25) p = 0.0002
Pulmonary artery systolic pressure 6(12) 26 x& =0.0620, df =1
>45 mm Hg, n (%) p=0.8033
Pulmonary artery systolic pressure X =05313,df =1
31-45 mm Hg, n (%) 243 8022 b= 04661
4 ) ¥2 = 380997, df = 1
Cutaneous involvement, n (%) 14(27) 34(94) p = 0.0000
3y ) w2 =0.1223,df = 1
Mechanic’s hands, n (%) 10(20) 5014) p=0.7265
o %2 =9.2023,df =1
Gottron's sign, n (%) 1) 9(25) p = 0.0024
. . X& =20.5417,df =1
Heliotrope rash, n (%) 4(8) 1953) p < 0.0001
‘ ) X&=126573,df =1
Shawl sign, n (%) 10 1167 p = 0.0004
. ) w2 = 38075, df = 1
Thigh rash, n (%) 0(0) 401) p=00510
/ ) X2 =23243,df = 1
Raynaud’s phenomenon, n (%) 14(27) 401 p=0.1274
. ) X2 =0.0244, df = 1
Heart involvement, n (%) 2(4) 2(6) p=08758
o w2 = 3.8043, df = 1
Dysphagia, n (%) 300 8(22) p=0.0511
_ O w2 =12350,df =1
Malignancy, n (%) 7(14) 7(19) p=0539
Treatment used
o %2 =14416,df = 1
Glucocorticoids, n (%) 47(92) 36(100) p=02299
' ) %2 =15315,df = 1
Cyclophosphamide, n (%) 22 (43) 10(28) p=02159
o ) 2 =00533, df = 1
Azathioprine, n (%) 18(35) 1mGn p=038174
0 ¥2=19977,df =1
Methotrexate, n (%) 14(27) 16 (44) p=0.1575
o %2 =0.0054, df = 1
Mycophenolate mofetil, n (%) 8(16) 5(14) b= 0941
- ) X2 = 18599, df = 1
Rituximab, n (%) 7(14) 16) p=0.1726
df - degrees of freedom; 2 — x* with Yates's correction.
Anti-Jo-1 antibody antibodies were detected more frequently in PM than

in DM cases (15 compared to 2 cases, x2 = 6.8971, df = 1,
Anti-Jo-1 antibodies were detected in 17 (19.5%) pa- p = 0.0086). All but 1 had radiological signs of ILD (FCT
tients, 76.5% of whom were female. As expected, these 6.4878, p < 0.0001). These patients were also characterized
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Fig. 1. Prevalence of specific autoantibodies in idiopathic inflammatory
myopathies

by severe constitutional symptoms, including fever and
weight loss reported in 9 (53%) anti-Jo-1-positive patients,
and arthralgia or arthritis documented in 12 (71%) of them.
Six (35%) individuals in this group had mechanic’s hands
as a unique skin manifestation of the disease. Laboratory
features of muscle injury were recorded in 11 (65%) of anti-
Jo-1-positive patients, while proximal muscle weakness was
observed in 15 (88%) of them.

Anti-PL-12 antibody

Six patients (6.9% of all individuals) had circulating
anti-PL-12 antibodies. Five of these patients were diag-
nosed with PM and 1 with DM. All had ILD (FCT 6.8354,
p = 0.0003) and 5 (83% of anti-PL-12-positive patients)
had severe constitutional symptoms, including recurrent
fever (FCT 7.8243, p = 0.0105). Three (50%) patients in this
group complained of arthralgia and arthritis, and the same
number had laboratory features of muscle injury.

Anti-PL-7 antibody

Anti-PL-7 antibodies were detected in 4 cases (4.6% of all
patients), of which 50% were female. Three of these pa-
tients were diagnosed with PM, and 1 had systemic lupus
erythematosus (SLE)/myositis overlap syndrome. All but
1 had ILD and 1 had pericarditis. Only 1 patient presented
laboratory features of muscle injury.

Anti-OJ and anti-EJ antibodies

Anti-OJ antibodies were reported in 2 female patients
(2.3% of all patients). In 1 subject, these antibodies co-
existed with anti-Jo-1 and were associated with a very
severe PM manifestation. The 2" anti-OJ patient had
an amyopathic form of PM. Both patients had ILD and
a heliotrope rash. An amyopathic form of PM with ILD
and arthritis also characterized the only individual with
anti-EJ antibodies.
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Anti-TIF-1y antibody

Twelve patients (13.8%, 9 DM, 2 PM and 1 SLE/myositis
overlap syndrome) were positive for anti-TIF-1y antibodies.
The majority of these patients reported proximal muscle
weakness and all but 2 had elevated markers of muscle
injury. In this subgroup, skin changes were also common,
predominantly shawl sign and/or a heliotrope rash (n =9,
75%, FCT 6.1568, p = 0.007). On the other hand, ILD and
joint involvement were rare (i.e., in 1 (8%) and 4 (33%)
of anti-TIF-1y-positive patients, respectively). Interestingly,
more than half of these subjects were diagnosed with ma-
lignancy (x2 = 19.3782, df = 1, p < 0.0001).

Anti-MDA?5 antibody

Five DM and 3 PM patients (9.2%) had anti-MDAS5 anti-
bodies. Interestingly, all of them complained of severe proxi-
mal muscle weakness, although all but 1 had an amyopathic
form of the disease (x2 = 10.7787, df = 1, p = 0.001). The only
individual who exhibited laboratory features of muscle
injury was characterized by a coexistence of anti-TIF-1y
and various MAAs, such as anti-Ku and anti-PM-Scl 100.
Interstitial lung disease was detected in 3/4 of these pa-
tients, similar to joint involvement (FCT 6.5504, p = 0.0228).
Half of these patients complained of severe constitutional
symptoms, whereas skin involvement, such as Gottron’s
and shawl signs, and heliotrope rash was demonstrated
in 5 of anti-MDAJ5-positive patients (62.5%, FCT 7.798,
p = 0.0357). Three (37.5%) patients in this group died dur-
ing the follow-up due to severe ILD, lymphoma and cancer.

Anti-Mi-2a and anti-Mi-2 antibodies

Eight patients (18.4% of all individuals) had anti-Mi-2a
and anti-Mi-2f antibodies each. These patients were alike
in PM and DM. All of them reported proximal muscle
weakness and all but 2 (88%) had laboratory signs of mus-
cle injury. Interstitial lung disease was reported only in 1
(12.5%) of anti-Mi-2a and in 2 (25%) of anti-Mi-2[-positive
patients (FCT 6.1456, p = 0.0026, 3.3763, p = 0.0392, re-
spectively; Table 2). Skin lesions occurred in 5 (62.5%) anti-
Mi-2a and 4 (50%) of anti-Mi-2[-positive subjects. One
woman with anti-Mi-2«a antibodies accompanied by Ro-
52 had heart involvement in the form of heart failure with
preserved ejection fraction.

Anti-NXP-2 antibody

Anti-NXP-2 antibodies were observed in 6 patients
(6.9%; 4 DM and 2 PM). All complained of proximal muscle
weakness and half of them had general muscle weakness.
In 1 case, heart involvement was recorded, in 2 dysphagia
(33%) and 3 (50%) of anti-NXP-2-positive subjects had typi-
cal DM skin changes.
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Table 2. Clinical features of patients with myositis-specific antibodies

Anti- Anti- Anti- Anti- Anti- Anti- Anti-
Number of patients (n) nJZ_L ':‘L:é :';'74 nZJz nSEPS ,\r?ifg 'rl]'lig
n (%) n (%) n (%) n (%) n (%) n (%)
Interstitial lung disease 16 (94) 6 (100) 3(75) | 2(100) 3 (60) 1(13) 2 (25) 1(8) 6 (75) 1017) 0(0)
gl'?lﬁ?f o SHy;tO“c 2020 | 00 | 1@) | 00O | 10 | 103 | 00 1(8) 1013) 00 000)
Ei:;ﬁ?; 2/1 ﬂt_s qunzsﬁgic 59 2(33) 2(500 | 1(50) 2.(40) 00 5(63) 3(25 4 (50) 3(50) 000
Arthritis/arthralgia 12.(71) 3(50) 2 (50) 0(0) 1(20) 3(38) 3(38) 4(33) 6(75) 1(17) 2(100)
Sgigig musee iy 165 233 | 125 | 1(50)  4(80) | 7(88) | 7(88) | 10(83)  1(13) | 5(83) | 2(100)
Shoulder/pelvic girdle 15 (88) 4(67) 3(75) 1(50) 4(80) 8(100) | 8(100) | 11(92) 8 (100) 6 (100) 2(100)
Dysphagia 2(12) 0(0) 0(0) 0(0) 1(20) 1(13) 1(13) 1(8) 2 (25) 2(33) 0(0)
Heart involvement 0(0) 0(0) 1(25) 0(0) 0(0) 1(13) 0(0) 0(0) 000 1(17) 000
Skin lesions 7 (41) 1(17) 1(25) 2 (100) 2 (40) 5(63) 4(50) 9(75) 5(63) 3 (50) 0(0)
Gottron's sign 1(6) 0(0) 0(0) 1(50) 1(20) 1(13) 1013) 2017) 225) 137) 00
Heliotrope rash 1(6) 1(17) 0(0) 2 (100) 0(0) 4(50) 2(25) 4(33) 5(63) 107) 00
Shawl sign 0(0) 0(0) 0(0) 0(0) 1(20) 1(13) 0(0) 542) 2(25) 1(17) 0(0)
Thigh rash 0(0) 0(0) 0(0) 0(0) 1(20) 1(13) 0(0) 3(25) 0(0) 0(0) 0(0)
Mechanic’s hands 6(35) 1(17) 1(25) 1(50) 1(20) 2(25) 1(13) 1) 0(0) 00) 000)
Raynaud's phenomenon 2(12) 3 (50) 0(0) 0(0) 4(80) 2(25) 2(25) 1) 1013) 107) 000
Constitutional symptoms 9(53) 5(83) 0(0) 1(50) 0(0) 1(13) 4 (50) 3(25) 4(50) 1017) 000
Malignancy 2(12) 1(17) 1(25) 0(0) 1(20) 0(0) 1013) 7(58) 2(25) 1017) 000

Anti-SRP antibody

Five females (5.7% of all patients) were anti-SRP-positive.
Four of these patients were diagnosed with PM and 1 with
DM. One patient was characterized by the coexistence
of other antibodies and had clinical signs of systemic scle-
rosis, rheumatoid arthritis, antiphospholipid syndrome,
and PM.

Interstitial lung disease was present in 3 (60%) of anti-
SRP-positive patients and Raynaud’s phenomenon in 4
of them (80%, FCT 4.1144, p = 0.0289). Furthermore,
all but 1 complained of severe proximal muscle weakness
and had the highest muscle injury markers among all PM
patients (Mann—Whitney U test, z = 2.5293, p = 0.0114).
Interestingly, in our data, the anti-SRP antibody was also
recorded in non-myositis patients, such as in muscular
dystrophy, undifferentiated connective tissue disease and
cold agglutinin disease.

Anti-SAE antibody

Anti-SAE was reported in only 2 (2.3%) subjects (both
PM) who were characterized by arthritis/arthralgia and
proximal muscle weakness with elevated creatine kinase
levels. No ILD or skin lesions were observed.

Coexistence of MSAs and MAAs

Myositis-specific autoantibodies coexisted with MAAs
in 35.6% of cases. The most common coexisting anti-
body was anti-Ro-52, which was detected, for example,
in 11 patients with anti-Jo-1 antibodies (64.7% of all anti-
Jo-1-positive patients, x2 = 5.0633, df = 1, p = 0.0244) and
in 3 patients with anti-PL-7 antibodies. Anti-Ro-52 also
accompanied anti-SRP in 3 PM patients who, interest-
ingly, all had ILD. A 55-year-old woman had anti-Jo-1, anti-
PL-7, anti-MDAS5, anti-NXP-2, and anti-TIF-1y antibodies.
In this patient, we also identified anti-dsDNA, anti-SSA,
anti-SSB, anti-centromere B, anti-nucleosomes, anti-his-
tones, and anti-Ro52 antibodies, with a very high ANA titer
(higher than 1:20,480). This patient was diagnosed with
SLE/myositis overlap syndrome with no laboratory signs
of muscle injury but proximal muscle weakness, ILD and
arthritis. Furthermore, 1 interesting case was observed
with coexisting anti-Jo-1 and anti-OJ related to severe PM
with ILD, rhabdomyolysis, mechanic’s hands, Gottron’s
sign, and heliotrope rash. To our knowledge, this case
with the coexistence of those antibodies is only the 2"
one described in the literature. In both cases, ILD was
the prominent manifestation.??

In 1 typical DM patient, anti-SRP coexisted with anti-
Mi-2a antibodies, whereas in 1 PM case, anti-SRP was
accompanied by anti-NXP-2. The latter is the 1% such case
described in the literature with severe muscle injury and
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dysphagia. Interestingly, this female patient was also di-
agnosed with papillary thyroid cancer and endometrial
adenocarcinoma 13 and 5 years before autoimmune disease
onset, respectively.

Among the 12 anti-TIF-1y-positive patients, 3 also had
anti-MDAS5 antibodies. One of these patients fulfilled
the criteria for DM and the other one for PM. Interest-
ingly, both had a neoplastic disease in anamnesis. The 3"
patient had SLE/myositis overlap syndrome without
malignancy.

Myositis-specific autoantibodies
and myositis-associated autoantibodies-
negative patients

Nine patients (5 DM and 4 PM, 10.3% of all patients) had
no detectable MSAs or MA As. Neoplasm and ILD were
found in 1 (11%) of these patients, whereas skin changes
and arthralgia were observed in 7 (77.8%) of these cases
(ECT 5.4177, p = 0.0091, both).

Myositis-specific autoantibodies and their
associations with malignancy

As expected, neoplastic diseases were frequent in this
cohort. Fourteen (16% of all patients) cancer or lymphoma
cases were documented, equally common in DM and PM.
In half of the cases, the neoplasm was diagnosed before my-
ositis. Malignancy was strongly associated with anti-TIF-1y
antibodies (x2 = 19.3782, df = 1, p < 0.0001). Neoplasms
occurred in 7 (58.3%) of anti-TIF-1y-positive patients,
6 (85.7%) of them were diagnosed with DM and 1 with PM.

Two of these patients had lung cancer and the others
presented with urethral, endometrial and renal cell car-
cinoma, diffuse large B-cell lymphoma, or carcinoma
of unknown primary. Two of the anti-TIF-1y-positive ma-
lignancy patients had coexisting anti-MDA5 antibodies.
Bladder cancer and cervical cancer in patients with anti-
Jo-1 antibodies were also observed, and ovarian cancer
and prostate cancer in those with anti-PL-7 and anti-PL-12
coexisting with anti-Mi-23 antibodies were documented.
No tumors were recorded in anti-Mi-2a-positive patients.

Discussion

In this study, we characterized 87 adult Caucasian pa-
tients with autoimmune inflammatory myopathies using
clinical and laboratory measures. The majority of these
patients presented with MSAs or MAAs, indicating that
both of these antibody groups are valuable biomarkers for
determining disease course and malignancy risk. However,
the presence or absence of these antibodies cannot be used
to differentiate DM from PM. Furthermore, a specific MSA
may accompany other MSAs or MAAs and be associated
with different clinical presentations, such as those seen
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in SLE or systemic scleroderma in the current data. Some
of these antibodies may also be seen in other immune
or nonimmune disorders. For example, an anti-SRP anti-
body has been documented in association with muscular
dystrophy or cold agglutinin disease at our center.

The role of MSAs in the pathogenesis of inflamma-
tory myopathies is not entirely understood. These anti-
bodies likely sustain inflammatory processes, although
their pathological links with muscle injury remain un-
known.?* The anti-Jo-1 antibody is the most common
MSA, as confirmed by the current data.® However, this
antibody was detected in only 19.5% of patients, thus in-
dicating the immunologic heterogeneity of autoimmune
myopathies. Typically, this type of antibody is linked
with the presence of ILD, the Raynaud’s phenomenon,
arthritis, and mechanic’s hands,?*? findings confirmed
by the present study. Furthermore, similar to our data,
anti-Jo-1 often accompanies anti-Ro-52 antibodies. Ac-
cording to the literature, such a coincidence may be a risk
factor for a more severe disease course and cancer.26?’
Interestingly, 1 of our 2 anti-Jo-1-positive cancer patients
had coexisting anti-Ro-52, and in both cases anti-PM-
Scl-75 was also detected.

Anti-Jo-1, anti-PL-12, anti-PL-7, anti-EJ, and anti-OJ an-
tibodies are associated with the common anti-synthetase
syndrome. However, several recent studies have suggested
aclinical heterogeneity, particularly regarding ILD or mus-
cle injury signs.?® Some authors documented that antibod-
ies other than anti-Jo-1 may be related to a poorer clini-
cal prognosis and more aggressive ILD.23° On the other
hand, Hamaguchi et al. reported that muscle injury was
closely associated with anti-Jo-1, anti-EJ and anti-PL-7 anti-
bodies.3! At the same time, ILD might have been observed
in all of these patients, while skin changes, such as helio-
trope rash and Gottron’s sign, were less common but also
frequent.3! The anti-OJ has also been shown to be associ-
ated with ILD, often being the sole manifestation of id-
iopathic inflammatory myopathy. However, if recorded,
myositis seems to be more severe than with other anti-syn-
thetase antibodies.?>3? The anti-PL-12 antibodies were also
documented in linkage with ILD and, to a lesser extent,
with muscle injury and arthritis.?®33-3 [n turn, pericar-
dial effusion may be a characteristic of anti-PL-7-positive
patients.?® Qur data are in line with the presented reports,
indicating that all anti-synthetase antibodies have a strong
relationship with ILD and PM, but not with the typical
DM skin changes. Also, 1 patient with heart involvement
in the current cohort had an anti-PL-7 antibody.

The another interesting antibody that relates to PM
and DM is anti-SRP. Targoff et al. reported a classical
PM manifestation with a low prevalence of ILD, arthritis
and Raynaud’s phenomenon in these subjects.3¢ However,
some of these cases were severe and/or rapid in onset.283¢
The current results do not entirely confirm these find-
ings. Although most of anti-SRP-positive patients in this
study complained of proximal muscle weakness and had
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very high creatine kinase, more than half of them had ILD
or Raynaud’s phenomenon. Recent studies have reported
a histologically unique necrotizing myopathy, which might
explain the particularly high levels of muscle injury bio-
markers in anti-SRP-positive patients.?’-3°

In contrast to anti-SRP antibodies, anti-MDAS5 is likely
related to the amyopathic PM/DM form but with rapidly
progressive ILD, acute respiratory failure and poor clinical
prognosis.***! Indeed, most of our anti-MDA5 patients had
aggressive ILD leading to rapid and severe lung fibrosis,
and even to a related death in 1 case.

In the literature, anti-Mi-2 and anti-NXP-2 antibodies
have mainly been associated with DM.*2%3 Anti-Mi-2
was shown to be associated with Gottron’s sign or pap-
ules, and heliotrope rash, lung-sparing and an excel-
lent clinical response to corticosteroids.** Surprisingly,
in the current study, the PM and DM distribution among
anti-Mi-2-positive patients was almost equal. However,
ILD was rare.

Anti-NXP-2 autoantibodies are associated with
a young-onset DM with subcutaneous edema, skin cal-
cinosis and severe muscle involvement with dyspha-
gia 424445 Moreover, these antibodies may be linked
with malignancy.*®4” Qur data partially mirror these re-
ports, including the typical skin changes reported in half
of the current patients.

One of the rarest antibody types in the current cohort
was anti-SAE], identified in only 2 individuals. Previous
reports demonstrated that these patients may have se-
vere skin changes, mild muscle involvement and ILD.*$%
Surprisingly, our anti-SAE-1 subjects had no skin lesions
or ILD, but proximal muscle weakness, laboratory signs
of muscle injury and arthritis. This observation points
to the heterogeneity of autoimmune myopathies and
the need for further research on this subject.

The last issue that merits comment is the relation of PM,
DM, and MSAs to malignancy. Surprisingly, in the current
data, a strong association was demonstrated only with anti-
TIF-1y, which is in line with the data in the literature.28505!
In this subgroup of patients, 58% had documented malig-
nancy. Moreover, patients with anti-TIF-1y antibodies had
alower prevalence of fever, Raynaud’s phenomenon, arthri-
tis, ILD, and mechanic’s hands. At the same time, these
patients have more frequent DM-typical skin changes, par-
ticularly shawl sign rash.28°2 The current study confirms
these observations. The presence of anti-TIF-1y antibodies
was highly associated with malignancy, while typical skin
rash was reported in 3/4 of these patients. Only 1 patient
had ILD, while joint involvement was demonstrated in 1/3
of them.

Among patients with no detectable MSAs or MAAs, ILD
was rarely observed, in contrast to skin changes and ar-
thralgia. One patient in this group was diagnosed with can-
cer. There are limited data on the clinical course of these
patients in the available literature.

A.Rams et al. Novel myositis-specific autoantibodies

Limitations

The current study has several limitations. First, it was
retrospective in nature. In addition, the number of sub-
jects studied was relatively small, especially with regard
to some MSA types, such as anti-OJ, anti-EJ and anti-SAE
antibodies. Therefore, future multicenter studies charac-
terizing patients with DM and PM are needed.

Conclusions

The MSA type cannot differentiate DM from PM, although
some antibodies may be more prevalent in PM (e.g., anti-Jol)
and others in DM (e.g., anti-TTF-1y). Interstitial lung disease
was common in patients with anti-synthetase antibodies,
particularly anti-Jo-1 and anti-PL-12, but also in those with
anti-MDAS5 antibodies. The majority of ILD patients ful-
filled PM criteria. Patients with anti-SRP were characterized
by the presence of the Raynaud’s phenomenon and the high-
est serum concentration of muscle injury markers. In turn,
an amyopathic form characterized anti-MDA5-positive indi-
viduals. Malignancy was highly associated with anti-TTF-1y
antibodies, but also with anti-Jo-1, anti-PL-7, anti-PL-12, anti-
SRP, anti-MDA-5, anti-NXP-2, and anti-Mi-2 antibodies.
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Abstract

Background. Musculoskeletal dysfunction due to deformities and injuries of the foot is a common ortho-
pedic problem.

Objectives. To analyze the effect of the COVID-19 pandemic on both elective and emergency foot surgeries.

Materials and methods. This study analyzed the effect of the COVID-19 pandemic on elective and
emergency foot surgeries. The comparison included data collected in 2019 (March 15—October 15, when
the epidemic did not influence the Polish healthcare system or patient demographics) and in a corresponding
period in 2020. This study was conducted in the trauma and orthopedic surgery wards and the emergency
departments of 2 regional Polish hospitals.

Results. The analysis of the data from the orthopedic wards showed a reduction in the total number
of admissions in 2020 by 55%. The number of elective and emergency interventions was differently related
to the pandemic, with elective interventions declining by 72% and emergency interventions increasing by 27%
in 2020 compared to 2019. The total number of elective foot surgeries in children decreased by 59% in 2020.
The mean duration of hospital stay was approx. 2.5 days shorter in adults and 1.7 days shorter in children
during the 2 evaluation period. The emergency department data showed a decline of 32% in the number
of patients presenting with injuries during the pandemic. Nonetheless, the pandemic did not affect the mean
age of patients and the female-to-male ratio.

Conclusions. The global COVID-19 pandemic affected the epidemiology of foot injuries as well as the preva-
lence of foot surgeries in children and adults.

Key words: COVID-19, pandemic, epidemiology, foot surgery, lockdown
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Background

Musculoskeletal dysfunction due to deformities and inju-
ries of the foot is a common orthopedic problem."? Accord-
ing to the Illinois Podiatric Medical Association, approx.
6% of the USA population are affected by foot injuries, fore-
foot deformities or flat feet (pes planus). The global spread
of severe acute respiratory syndrome coronavirus type 2
(SARS-CoV-2) infections has had an impact on many as-
pects of everyday life, including changes in people’s habits,
lifestyles and fears regarding their health and the health
of their loved ones.?~1

The COVID-19 pandemic unquestionably affected
the functioning of national healthcare systems.?* This
included changes in the character of hospitals, includ-
ing conversions of surgical wards into infectious wards,
limiting the number of elective admissions and reducing
the number of medical staff. The latter was due to tempo-
rary quarantines placed on those who had a contact with
patients suspected of having COVID-19 infections and
the furloughing of elderly or chronic disease-burdened
staff.3->10

The available literature has a limited number of reports
on the effects the COVID-19 pandemic has had on foot
surgeries in adults and children.?*° The available reports
assess the number of surgeries for foot injuries during
the pandemic to a limited extent? or estimate elective foot
surgery restrictions based on surveys conducted among
orthopedic surgeons.*®

Objectives

The purpose of this study was to analyze the effect
of the COVID-19 pandemic on foot surgery in both elec-
tive and emergency settings.

Materials and methods
Study design and patients

The study was conducted in the trauma and orthope-
dic surgery departments and the emergency departments
of 2 Polish regional hospitals. Adult and pediatric patients
were included in this study. The compared periods were
March 15—October 15, 2019, when the (at that time non-
existent) COVID-19 epidemic did not influence the Polish
healthcare system or patient demographics, and the cor-
responding period in 2020 (March 15—October 15, 2020).
Informed consent was obtained for experimentation with
human subjects. The study was approved by the local eth-
ics committee (approval No. 4/PNDR/2021).

P. Kulinski, . Tomczyk, P. Morasiewicz. COVID-19 and foot surgeries

Evaluation of epidemiological
parameters

This study analyzed the number of elective foot sur-
geries most commonly performed in the surgical wards,
i.e., correction of forefoot deformities, including bunions
(hallux valgus) and hammertoes. A large group of patients
presented with multiple forefoot deformities, which were
corrected simultaneously during a single procedure. Other
elective procedures included arthrodesis, planovalgus
foot surgery and removal of implants. The total number
of elective foot surgeries in children was assessed. The pro-
cedures performed on children were divided into those
most frequently performed in our departments (correction
of the planovalgus foot, correction of clubfoot).

Injury interventions were divided into 2 groups. The 1*
group comprised interventions for foot fractures, defined
as fractures involving any bone in the foot from the talus
to the phalanges. The 2" group comprised interventions
for injuries such as wounds, dislocations and sprains within
the foot (excluding those of the ankle joint).

The groups were analyzed in terms of the number of sur-
geries, distribution of the sexes, age distribution, and mean
duration of hospital stay. The data from 2019 were com-
pared with the data collected in 2020.

Statistical analyses

Statistical analyses were performed using Statistica
v. 13.1 software (StatSoft Inc., Tulsa, USA). The Shapiro—
Wilk test was used to assess distribution normality.
The variables did not follow a normal distribution; there-
fore, Pearson’s x? test and Mann—Whitney test was used.
The level of significance was set at a = 0.05.

Results

All results have been compiled in Table 1 and Table 2.
The analysis of the orthopedic ward data showed a re-
duction in the total number of adult admissions by 55%
in 2020.

The number of elective and emergency interventions
was differently affected by the pandemic, with elective
interventions declining by 72% and emergency inter-
ventions increasing by 27% in 2020 compared to 2019.
These changes were statistically significant (p = 0.01770;
p = 0.01922). In adults, arthrodesis and planovalgus foot
surgeries decreased by 50% in 2020, implant removal sur-
geries decreased by 63% and hallux valgus and hammertoe
surgeries decreased by 82%.

The total number of elective foot surgeries performed
in children decreased by 59% in 2020 compared to 2019. This
difference was statistically significant (p = 0.0487). In chil-
dren, the number of planovalgus foot surgeries decreased
by 61% and clubfoot surgeries decreased by 56% in 2020.
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Table 1. Comparison totals, means and ratios of epidemiology of foot trauma and surgery (p-value for Mann-Whitney U test)

Variables
2019

Difference between the year 2020 and 2019

df

2020 [%]

Total number of patients 86
Total number of elective surgery 67
Arthrodesis 6
Planovalgus foot surgery 4
Removal of implants 19
Total number of trauma surgery 11
Total number of patients treated conservatively 8
Mean duration of hospital stay [days] 6.77
Female-to-male ratio 274
Mean age of all patients 56.06
Total number of elective foot surgery in children 27
Mean duration of hospital stay in children [days] 544

Total number of patients 145
Total number of patients treated conservatively 130
Total number of patients transferred to the orthopedic ward 15
Female-to-male ratio 0.59
Mean age of all patients 41.26

Orthopedic surgery department — surgically

Emergency ward - conservatively

39 —54.65 - -
19 —71.64 =
3 —50.00 - -
2 =50.00 = =
7 —63.15 -
14 27.27 = =
6 —-25.00 - -
4.28 36.77 124 0.02737
2.00 —26.98 - -
56.05 -0.01 123 0.9981
1 —59.25 -
372 -31.61 126 0.0046
99 -31.72 -
85 —34.61 - -
14 —6.66 = =
0.57 =37 -
45.05 9.13 242 0.0722

Table 2. Change in composition of epidemiology of foot trauma and surgery (p-value for Pearson'’s x? test)

Variables

Difference between the year 2020 and 2019

2019

Elective surgery

halux valgus and hammertoe surgery 38

other surgeries 29
Trauma surgery

fractures 8

other injuries 3
Gender

women 63

men 23

Trauma surgery
planovalgus foot surgery in children 18
clubfoot surgery in children 9

Type of injuries

fractures 95

injuries 50
Gender

women 54

men 91

Orthopedic surgery department — surgical treatment

Emergency ward — conservative treatment

o | oo
; ];]32_55?) 1 001922
%2 gt o
Surgery in children
Z :2;:;; 1 0.0487
: St | o
. e B

2020 [%]

The mean duration of hospital stay for adults was approx.
2.5 days shorter in the 2" evaluated period, which was
statistically significant (Fig. 1, p = 0.02737). The mean
duration of hospital stay for children decreased in 2020
by 1.7 days compared to 2019. This difference was statisti-
cally significant (p = 0.0046).

There was not a significant decrease in the propor-
tion of females and males admitted to the hospital (with
a female-to-male ratio of 2.74 in 2019 compared to 2.00
in 2020, p = 0.541). In addition, the mean age of patients
undergoing surgery remained unchanged (p = 0.9981).
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Fig. 1. Mean duration of hospital stay in days

The greatest rise in emergency procedures (133%) was
observed in interventions performed due to other foot in-
juries (mostly soft-tissue injuries) (p = 0.01922). The emer-
gency department data showed 32% fewer patients present-
ing with injuries during the evaluated pandemic period.
These changes were statistically significant (p = 0.0153).
Moreover, the number of patients with fractures showed
a greater decline (41%) in 2020 compared with pre-pan-
demic figures than the number of patients with soft-tissue
injuries (14% decline), although these differences did not
reach statistical significance (p = 0.1574).

The mean patient age in the emergency ward increased
from 41 years in 2019 to 45 years in 2020, but the differ-
ence was not statistically significant (p = 0.0722). The pro-
portion of patients seen in the emergency departments
who required surgical treatment or more diagnostic tests
on the orthopedic ward did not change between the evalu-
ated periods (with only a single case fewer in the 2" period).

Discussion
Key results and generalizability

The COVID-19 pandemic considerably altered the or-
ganization of healthcare services across the world.>!
Elective admissions were halted or limited, medical per-
sonnel numbers decreased and patients’ fears associated
with hospitalization increased.>->1° However, the impact
of the COVID-19 pandemic on elective and emergency
treatment of foot injuries has not been fully evaluated.

Our study confirms the impact of the pandemic
in the form of lower numbers of elective procedures
in children and adults, and shorter hospital stays to mini-
mize the amount of contact between patients and medical
staff, who are the potential vectors in coronavirus trans-
mission. Similarly, other authors have reported decreases
in the number of elective procedures during the pandemic
by 23-100%.3->1° An estimated 26.6-75.2% of centers
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cancelled or rescheduled (postponed) foot surgeries dur-
ing the COVID-19 pandemic.*® We observed a decrease
in all types of elective surgeries performed in both, adults
and children. The reduction in the number of elective ad-
missions of children during the COVID-19 pandemic, ob-
served in our study, may have negative effects in the form
of increasing the severity of deformities in patients awaiting
surgery. The postponing of any musculoskeletal surgery
in a growing child is particularly dangerous, and can have
irreversible consequences and a significant impact on their
health.

No statistically significant reduction was seen in the ratio
of female-to-male patients admitted to orthopedic surgery
departments in 2020, largely due to the fact that females are
generally more prone to develop forefoot deformities.?2!

During the pandemic, the introduction of travel restric-
tions and remote work led to fewer patients presenting with
pain, which undoubtedly resulted in a reduction of patients
admitted for elective forefoot procedures. In many cases,
patients decided to postpone their treatment due to less
severe pain, and — particularly among the elderly — out
of fear of the coronavirus.

In contrast to the pronounced change in sex distribu-
tion among orthopedic ward patients, the change in sex
distribution among emergency room patients was negli-
gible. Males presented nearly 2 times more frequently than
females in both evaluated periods (the female-to-male ratio
was 0.59in 2019 and 0.57 in 2020), which indicates a higher
incidence of foot injuries in males.

The increased number of foot injury patients transferred
to the orthopedic ward from the emergency room to un-
dergo surgical treatment was due to several factors. These
include the increasingly stringent restrictions imposed
by the Polish government during the period of national
lockdown, which directly affected the etiology of in-
juries, with lower numbers of high-energy injuries and
only slightly lower numbers of soft-tissue injuries. These
changes were a result of travel restrictions and the con-
sequent decline in the number of traffic accidents.!?!>18
Conversely, the amount of work around the house in-
creased due to no restrictions being imposed on hardware
and DIY stores. This, combined with increased alcohol
consumption, resulted in a higher incidence of injuries
at home.131518 Moreover, heavy industry did not experience
any direct lockdown measures, which was associated with
undiminished injuries in this field.

Limitations

The limitation in the assessment of the impact of the
COVID-19 pandemic on foot surgery is that it was only
conducted at 2 centers and on a limited group of patients.
This allowed the authors to quickly assess and present
the important research results. However, in the future,
we plan to conduct a multicenter study on a larger group
of patients.
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In light of the uncertain future and lack of reliable es-
timates as to the duration of this pandemic, orthopedic
wards and surgery scheduling must develop protocols
to increase their availability and ensure the safety of pa-
tients and staff.

Conclusions

Our analysis of the collected data showed the effects
of the global COVID-19 pandemic on the types of pa-
tients, availability of elective foot surgeries in children
and adults, and epidemiology of foot injuries. This study
highlights the need to make elective surgeries more avail-
able, while simultaneously improving the safety for both
hospital staff and patients by minimizing the risk of pos-
sible SARS CoV-2 transmission. The COVID-19 pandemic
saw a reduction in the number of all types of elective foot
surgeries in children and adults, an increase in the number
of trauma-related foot surgeries, and shortening of hospital
stays. Nonetheless, the pandemic had no effect on mean
patient age and female-to-male ratio.
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Abstract

Background. Titanium dioxide (Ti0,) is widely used in many fields such as food, cosmetics, and paper
industries. Studies on the photocatalytic properties of Ti0, on living tissue are limited.

Objectives. To examine the histopathological effects of TiO, solution on the marginal veins of rabbit ears
under ultraviolet (UV) light.

Materials and methods. In this study, 4 groups of rabbits (8 rabbits per group) were used: the 1°* group
was the control group, the 2" group received 20% of nano-Ti0, only, the 3¢ group received UV light only,
and the 4™ group received nano-Ti0, and UV light, simultaneously. The study lasted for 14 days and samples
were taken from the marginal ear vein on the 15 day.

Results. The ear tissues of rabbits in the control and Ti0, groups showed a normal histological appearance.
In the UV group, the results showed severe chronic inflammation due to mononuclear cells around the hair
follicles and perivascular areas. However, these findings decreased in the UV/nano-Ti0, group.

Conclusions. The method applied in this study can be used in the treatment of telangiectasia in the future.
However, this study investigating the effects of nano-Ti0, on vascular structures under UV light had a pre-
dominantly histological and observational nature. Further studies involving genetic, cytogenetic, biochemical,
histochemical, and immunohistochemical analyses need to be performed to test the theories we proposed.

Key words: animal model, titanium dioxide, vein, nano-Ti0,, ultraviolet light
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Background

Titanium dioxide (TiO,), also known as titania, is widely
used in many fields such as paints, cosmetics, food prod-
ucts, and pharmaceuticals. With the discovery of the pho-
tocatalytic activity of TiO,, the use of this material has
expanded.! Titanium dioxide can be found in many crys-
talline structures in nature, but it has 2 basic structures:
the rutile and anatase polymorphic phases. Titania also
has many favorable properties such as semiconductivity,
non-toxicity, white color, low cost, chemical stability, and
photocatalytic activity.

The nano-TiO, electron band gap is higher than 3 eV
and has a high absorption in the ultraviolet (UV) region.
However, due to its strong optical and biological properties,
it can be used in UV light protection applications. Many
studies have been conducted to examine the photocatalytic
activity of TiO,.

Photocatalysts can be defined as semiconductors that be-
come active when interacting with light, forming strongly
oxidized or reductive active surfaces. Sunlight promotes
the purification of water systems in nature, such as rivers,
streams, lakes, and pools. The sunrays initiate the break-
down of large organic molecules into smaller, simpler
molecules. This breakdown reaction eventually results
in the formation of carbon dioxide, water and other molec-
ular products. The results of laboratory studies in the early
1980s indicated that semiconductors accelerated this natu-
ral purification process induced by sunlight.?

High-efficiency photocatalysts under UV light also have
high efficiency under visible light when various methods are
applied. The S-doped TiO, has high photocatalytic activity
under visible light.? For example, S-doped TiO, has high ef-
ficiency at a 500 nm wavelength, while Ru-doped TiO, has
high photocatalytic activity at a 440 nm wavelength.3

Studies on the photocatalytic properties of TiO, on liv-
ing tissue are limited. To address this research gap, this
study investigated the histopathological effects of TiO,
on the superficial veins of rabbit ears under UV light by uti-
lizing its photocatalytic properties.

Objectives

Photocatalysts, which are commonly used for clean-
ing the environment, water and air, are now being used

Table 1. Experimental groups and their characteristics

Procedure

Method of procedure

Procedure modality and duration

F. Ada et al. Ti02 powder effects on veins using UV light

in different fields. Watanabe et al. evaluated the photo-
catalytic activity of nano-sized TiO, in an artificial skin
model.* They sequentially measured the CO, levels on arti-
ficial skin with the addition of nano-sized TiO,, and found
an increase in ambient CO, level with photocatalytic activ-
ity. Shen et al. encapsulated TiO, with zeolite to increase
its photocatalytic activity in sunscreens, and found that
the harmful effects of UV light were minimized.”

The present study aimed to investigate the effects
of nano-sized TiO, on superficial veins under UV light
with a 368 nm wavelength in a rabbit model.

Materials and methods

This study was approved by the Local Ethics Committee
of Sivas Cumhuriyet University (Sivas, Turkey; approval
No. 65202830-050.04.04-62). All procedures were carried
out at Sivas Cumhuriyet University Laboratory of Experi-
mental Animals in accordance with the local rules of care
and use of experimental animals.

The study was conducted as a controlled randomized
animal experiment. This study employed a total of 8 male
and female New Zealand white rabbits from 6 to 8 months
of age. The rabbits weighed between 3.2 kg and 3.5 kg for
males and between 2.75 kg and 3 kg for females. All ani-
mals were fed a standard laboratory diet with free access
to water. The rabbits were housed with 1 animal in each
cage. Rabbits that were able to perform their normal activi-
ties in the cages were kept in rooms with a temperature
of 22 +2°C, a humidity level between 50% and 70%, and
a 12 h day/12 h night cycle. All animals were kept un-
der observation for 1 day to determine whether they were
healthy before the experiments. Healthy animals without
any problems were included in the study.

The rabbits were divided into the following 4 groups
(8 rabbits per group; Table 1):

— group 1 — control group: no treatment was performed;

— group 2 — 20% nano-TiO, group: 0.2 mL of nano-sized
20% Ti0O, solution was topically applied to the visible mar-
ginal vein of the right ears of the rabbits every day. No other
procedure was performed;

— group 3 — UV group: rabbits were exposed to ultra-
violet A (UVA) light at a wavelength range of 368 nm for
12 h a day, at a distance of approx. 150 cm. No other pro-
cedure was performed;

Procedure features

Group 1 control group -
Group 2 20% nano-TiO, topical
Group 3 uv 12h
Group 4 209% nano-TiO, + UV topical + UV

12 h a day, at a distance of 150 cm

12 h a day, at a distance of 150 cm

daily 0.2 mL solution
at a wavelength of 368 nm UV

0.2 mL of solution also
at a wavelength of 368 nm UV

UV — ultraviolet light; TiO, — titanium dioxide.
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— group 4 — 20% nano-TiO, and UV light group: 0.2 mL
of nano-sized 20% TiO, solution was topically applied
to the visible marginal vein of the right ears of the rabbits
every day. Simultaneously, UVA at a wavelength of 368 nm
at a distance of 150 cm was applied for 12 h a day.

The procedures were performed for 14 days (Fig. 1).
On the 15t day, punch biopsies were taken from the mar-
ginal vein under local anesthesia from all groups. The sam-
ples were then examined histologically.

For the nano-TiO,, 20 nm TiO, powder with the trade-
name Degussa p25 (Nanoshel LLC, Wilmington, USA) was
used. The UVA light sources were Sylvania brand UV lamps
(Erlangen, Germany), measuring 40W/4FT/T12/BL368 with
a wavelength of 368 nm. No treatment or euthanasia was
performed on the animals at the end of the study.

Histopathological examination

The ear tissue samples from the rabbits were placed
in 10% buffered formalin solution. The samples were then
subjected to routine follow-up procedures and embedded
in paraffin blocks. Next, the 5-um sections taken from
the blocks were stained with hematoxylin and eosin (H&E)

Fig. 1. Ultraviolet
light was applied at
a distance of 150 cm.
Each rabbit was kept
in asingle cage

to assess histopathological changes. Sections were exam-
ined under a light microscope and semi-quantitatively
scored as negative (-), mild (+), moderate (++), or severe
(+++) for chronic inflammation. The increase in mac-
rophage and lymphocyte density in the tissue was used
as a chronic inflammation marker. We evaluated the vas-
cular samples and scored them according to the histo-
pathological scale described by Kuwahara et al.®

Statistical analyses

Microsoft Excel 2010 (Microsoft Corp., Redmond, USA)
and SPSS v. 16.0 (SPSS Inc., Chicago, USA) were used to per-
form the statistical analysis. Based on an « of 0.05, § of 0.20
and 1-p of 0.80, we decided to include 8 rabbits in each group
(32 rabbits in total) and the power was calculated to be 0.8345.
Since the distribution of the data was not normal, the Kruskal—
Wallis H test was conducted to assess significant differences
between groups. For post hoc tests of differences between
groups, Dunn’s post hoc test was used, because it preserves
the pooled variance for the tests implied by the Kruskal-Wallis
null hypothesis (Table 2). When the data violated the normal-
ity assumption (Table 3), we decided to use the nonparametric

Table 2. Statistical significance of differences between groups according to Dunn's post hoc test

Sample 1 compared to sample 2 | Test statistic | SD error | SD test statistic
20% nano-TiO, group compared to control group 1.063 4.464 0.238 0.812
20% nano-TiO,-group compared to 20% nano-TiO, and UV group —12.687 4.464 —2.842 0.004
20% nano-TiO, -group compared to UV group —20.000 4464 —4.480 0.000
Control group compared to 20% nano-TiO, and UV group —11.625 4464 —2.604 0.009
Control group compared to UV group —18.937 4464 —4.242 0.000
20% nano-TiO, and UV group compared to UV group 7313 4464 1.638 0.101

UV — ultraviolet light; SD - standard deviation; TiO, — titanium dioxide.
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Table 3. Descriptive statistics of the treatment groups

Mean (SD)

Control group 0.25 (0.463) 0.00 1 0
20% nano-TiO, group 0.13(0.354) 0.00 1 0
UV group 2.88(0.354) 3.00 3 2
20% nano-TiO, and UV group ‘ 1.88(0.354) ‘ 2.00 ‘ 2 ‘ 1

UV — ultraviolet light; SD - standard deviation; TiO, — titanium dioxide.

Kruskal-Wallis H test to compare the mean rank scores
of the groups. The effect size for the test was calculated as 4.92.

Results

Four female and 4 male rabbits were included in each
experimental group; thus, there were no statistically
significant differences between the groups in terms
of gender (p > 0.05). The results showed that the ear tis-
sues of the rabbits in the control and nano-TiO, groups
had a normal histological appearance (Fig. 2). However,
we observed the formation of severe chronic inflammation
of mononuclear cells in the perivascular areas and around
the hair follicles in the UV group (Table 4).

The results of the Kruskal-Wallis H test indicated sig-
nificant differences between groups subjected to different

treatment methods (x?(3) = 27.835, p < 0.001), with mean
rank scores of 9.12 for the control group, 8.06 for the 20%
nano-TiO, group, 28.06 for the UV group, and 20.75 for
the group administered both 20% nano-TiO, and UV.
Dunn’s pairwise post hoc test indicated significant dif-
ferences between the control group and the UV group
(p < 0.001), between the 20% nano-TiO, group and
the UV group (p < 0.001), between the 20% nano-TiO,
group and the group administered both 20% nano-TiO,
and UV light (p = 0.004), and between the control group
and the group administered both 20% nano-TiO, and
UV light (p = 0.009). There were no other significant
differences (Table 5). The histopathological changes de-
creased in the group that received both UV and nano-
TiO,. Macroscopically, the results indicated that the vis-
ibility of rabbit ear veins decreased in the 20% nano-TiO,
and UV light group (Fig. 3).

Fig. 2. A. Control group. Normal histological appearance. x40 magnification, hematoxylin and eosin (H&E) staining; B. Titanium dioxide (TiO,) group.
Normal histological appearance. x40 magnification, H&E staining; C. Ultraviolet (UV) group. Severe mononuclear cell infiltration is present around the vein
(arrowhead) and near the hair follicles (¥). x40 magnification, H&E staining; D. Ultraviolet light + TiO, group. Moderate mononuclear cell infiltration

is present around the vessel (arrowhead) and near the hair follicles (*). x40 magnification, H&E staining
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Table 4. Inflammation degrees of the groups

Inflammation
Negative [%] 75
Mild [%] 25
Moderate [%] 0
Severe [%] 0

87.5 0 0

12.5 0 12.5
0 12.5 87.5
0 87.5 0

Table 5. Kruskal-Wallis H test analysis table for all treatment groups

Mean rank
Control group 9.12
20% nano-TiO, group 8.06
UV light group 28.06
20% nano-TiO, and UV light group 20.75

UV - ultraviolet light; TiO, - titanium dioxide; df — degrees of freedom.

Discussion

At present, TiO, is widely used in many industries such
as pharmaceuticals, cosmetics (especially in sunscreens),
food, biomedical products, etc. Given its wide use, it is nec-
essary to investigate the toxicological and histological effects
of nano-TiO,, as well as its effects on the immune system.
Fabian et al. administered titanium dioxide nanoparticles
intravenously to rats and found that they did not cause any
toxic effects at a 5 mg/kg dose and could be used safely
at this dose.” Warheit et al. administered 300 nm of titanium
dioxide via inhalation in rabbits and showed that short-term
exposure did not cause any lung problems.® In the same
study, they reported that TiO, of this size had no genotoxic
effect and did not cause any irritation of the skin, but revers-
ible conjunctival redness in the eyes of rabbits was observed.
In a review of the effects of nano-sized TiO, on the lung,
size, exposure time, and the amount of nano-titanium were
identified as the most important risk factors.’

Fig. 3. On the 14 day of the studly, titanium dioxide (TiO,) and ultraviolet
(UV) light were applied to the rabbits. Titanium dioxide was applied

to the upper ear, but not lower ear. Note the difference between venous
structures

In a wide-ranging review, lavicoli et al. investigated
the effects of nano-TiO, on mammals organ by organ and
system by system.!® Although they discussed the effects
of nano-TiO, on many systems, they emphasized that their
effects on vascular structures were not clear. However,
they stated that the effects of TiO, were directly related
to the way it was administered, its dose, duration, and
particle size. Tang et al. examined the relationship between
administration routes and doses of TiO,.!! They found that
TiO, with a size of 5 nm could be passed to the blood intra-
tracheally; when it reached a dose of 0.8 mg/kg, it could
reach the lungs and kidneys and it changed liver and kidney
function. However, they observed that these effects were
reversible after 1 week without permanent damage.

There is a limited number of studies on the effects
of TiO, on vascular structures in the literature. In a study
using porcine pulmonary artery endothelial culture, Han
etal. reported that nano-TiO, increased the inflammatory
response in endothelial cells.!? They concluded that the in-
creased inflammation response occurred via the redox-
sensitive cell signaling pathway.

Montiel-Davalos et al. conducted a study on human
umbilical vein endothelial cell culture (HUVEC) and
found that TiO, inhibited the proliferation of endothe-
lial cells and accelerated apoptotic and necrotic death.!®
Alinovi et al. also conducted a study using HUVEC and
found that TiO, nanoparticles increased inflammation
in endothelial cells.'* Park et al. conducted a study us-
ing a mouse endothelial cell culture line and evaluated
whether the size of the nanotube affected the endothelial
adhesion and apoptosis rates of TiO, nanotubes.!® They
observed more endothelial adhesion, less apoptosis, and
less inflammation in 15 nm nanotubes. Furthermore, their
results indicated an increase in inflammation and apopto-
sis as the size of the nanotubes increased. These findings
demonstrate the importance of size in terms of the ef-
fectiveness of nano-TiO, to be used in vascular implants.
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Ge et al. conducted a study using HUVEC and their results
indicated that thin film nano-TiO, provided laminin im-
mobilization and an increase in endothelial adhesion.t®

Ultraviolet light has been used in the treatment of skin
diseases since the beginning of the 20t" century. Although
the mechanism of UV light action is not clear, hypotheses
that it increases cell proliferation, epidermal thickness and
blood flow in cutaneous capillaries have been proposed.!”
In a study that applied UV light to patients with venous
ulcers, Dodd et al. concluded that UV light had no benefit
in the treatment of venous ulcers.!® However, they observed
that UV light increased skin oxygen permeability and in-
hibited normal vasoconstrictor response.

When light treatment is required in medicine, the pre-
ferred UV light wavelength is in the 300-320 nm range.
In dermatology, psoralen ultraviolet A (PUVA) treatment
for psoriasis, eczema, vitiligo, and cutaneous lymphoma
is widely used.*® Although UV light has positive results when
applied to appropriate patients for a certain period of time,
dose and treatment, excessive exposure can lead to many
adverse conditions such as skin cancer, T cell damage, im-
mune depression, sunburn, and premature skin aging.?

Telangiectasias are enlarged venous vessels with a diam-
eter of 0.5—-1 mm near the skin surface. Telangiectasias are
enlarged postcapillary venules located in the papillary and
superficial reticular dermis with histologically complete
meaning.?!

Engel et al. conducted a field study with a large popula-
tion in the USA and found that the rate of telangiectasia
in the legs was 29-41% in women and 6-15% in men.?? Fa-
cial telangiectasia affects tens of millions of people around
the world.?* Sclerotherapy is the standard approach for
the treatment of telangiectasias. Sclerosis of the telangi-
ectatic vein is the main target in sclerotherapy. In order
to achieve sclerosis, various chemical sclerosing agents are
administered directly into the enlarged telangiectatic vein,
resulting in the formation of a thrombosis and endothelial
damage within the vein.?*

Apart from sclerotherapy, many different laser treatments,
such as argon ion lasers, diode lasers and intense pulsed
light sources, are applied.?>?® Laser treatment was first per-
formed in the treatment of telangiectasias in 1960 using
light at a 694 nm wavelength, followed by different systems
and wavelengths.?” The underlying logic of laser treatment
in telangiectasia is to cause the loss of veins close to the skin
surface by creating thermal damage to the vascular struc-
tures through the heat generated by UV light. Hemoglobin
in the vessel absorbs light best at 418 nm, 542 nm and 577 nm
wavelengths.?® However, the wavelengths used in the treat-
ment of vascular lesions are usually 488 nm and 600 nm.28

Photocatalysts can be described as semiconductors that
create a strongly oxidized environment on the surface
through the effect of UV light. Therefore, photocatalysts
can cause degradation in organic tissues close to the region
where they are applied. Among the known semiconductor
photocatalysts, TiO, is widely used due to its high activity,

F. Ada et al. Ti02 powder effects on veins using UV light

high stability under lighting, nontoxic nature, and low
price. Titanium dioxide performs its photocatalytic effect
best under 340 nm wavelength light, but a wavelength range
of 320-380 nm is also good for photocatalyst activity.?’

In general, studies have demonstrated that organic cell
degradation increases as the wavelength decreases. This
means that at a wavelength of 280 nm or less, TiO, has its
maximum photocatalytic effect, leading to the degrada-
tion of DNA and RNA.3%3! Therefore, the light wavelength
selected in our study was in the range of 320-380 nm.
The same ultraviolet light wavelength and application meth-
ods used in previous animal experiments, as well as the dose,
concentration, and routes of TiO, administration were ap-
plied in the current study.>?33 What distinguishes this study
from the other studies is that we investigated the effects
of TiO, and UV light on vascular structures simultaneously.

Photodynamic therapy, especially in dermatology and
plastic surgery, is used effectively and widely for the treat-
ment of many dermatological diseases in the form of a com-
bination of light and various creams applied to the skin.
The main principle of creams with methyl aminolevulinate
as the active ingredient is to be absorbed by the skin and
subcutaneous tissue, and to provide local apoptosis with
the effect of light. In fact, Galvao found that telangiectasias
on the face were not visible after photodynamic therapy
in a patient with facial actinic keratosis.3*

Photodynamic therapy consists of 3 main elements:
a photosensitive material, a light source and oxygen. When
these 3 factors are combined effectively, they can be ap-
plied for the successful treatment of many skin lesions.
In photodynamic therapy, the therapeutic effect is achieved
by a slight activation of a light-sensitive substance, and
reactive oxygen intermediates are formed in the pres-
ence of oxygen. These intermediates irreversibly oxidize
the essential cellular components that cause apoptosis
and necrosis, thereby providing the treatment of lesions
on the skin.?® Essentially, our study has shown similar
results to photodynamic therapy. In this sense, the study
demonstrated that substances with photocatalytic activa-
tion may be an appropriate choice for this treatment.

Limitations

The method applied in the present study could be used
in the treatment of telangiectasia in the future. However,
our study has a predominantly histological and observa-
tional nature. Further studies involving genetic, cytoge-
netic, biochemical, histochemical, and immunohistochemi-
cal analyses are needed to test the theories described above.

Conclusion

The results of this study revealed that nano-TiO,
protected the skin and the main vascular structures
close to the skin from the harmful effects of UV light.
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Furthermore, this study determined that telangiectatic
structures close to the skin were not observed in the UV
and nano-TiO, group.

Several theories were put forward regarding the absence
of telangiectatic structures in the rabbit ear on macro-
scopic observation. The 1% is that nano-TiO, and UV
light induced apoptosis in telangiectatic structures, just
as in photodynamic therapy. The 2" is that thermal dam-
age was caused by heating during the photocatalytic acti-
vation of nano-TiO,. The 3" theory is that collagen tissue
deposited under the epidermis compressed the telangi-
ectatic veins or precipitated them towards the dermis.
The 4" is damage of hemoglobin in the telangiectatic vein.
The 5% is selective photothermolysis that led to panendo-
thelial obliteration. Any combination of these theories,
or some other mechanism of action, may have led to these
results.
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Abstract

Background. Coronary heart disease is one of the most common cardiovascular diseases worldwide and
is often associated with vascular endothelial injury. Endothelial—mesenchymal transition (EndMT) is an im-
portant process in vascular endothelial injury.

Objectives. This study investigated the function of miR-221 in the EndMT process of endothelial progenitor
cells (EPCs).

Materials and methods. Transforming growth factor beta (TGF-B1) was used to induce EndMT in EPCs,
and SM22a expression was detected using immunocytochemistry. Western blot was used to detect alpha
smooth muscle actin (aSMA) expression, and miR-221 function was evaluated using inhibitors or mimics
of the miR-221 sequences that were transfected into EPCs. Reverse transcription polymerase chain reaction
(RT-PCR) was used to detect the expression of miR-221 and western blot was used to detect the expres-
sion of aSMA, myocardin, phosphatase and tensin homolog (PTEN), p-Fox03a, and Fox03a in EPCs. Finally,
the expression of the miR-221 target genes was determined using RT-PCR.

Results. The expression of SM22a and aSMA increased in EPCs treated with TGF-B1, while the expression
of miR-221 was decreased in EPCs on the 5 day, when compared with the control. The expression of SM22a
increased after inhibiting miR-221in EPCs treated with TGF-B1 and this was reversed by the overexpression
of miR-221. The expression of aSMA and myocardin was significantly increased after inhibiting miR-221
in EPCs treated with TGF-(1and decreased in EPCs overexpressing miR-221. Conversely, PTEN was increased
in TGF-B1-treated EPCs and decreased following the overexpression of miR-221. The decrease in phosphory-
lated-Fox03a expression in EPCs was accompanied by an increase in aSMA expression, which was reversed
in the presence of miR-221 mimics. This effect was nearly abolished following the addition of PTEN cDNA.

Conclusions. The overexpression of miR-221 inhibits EndMT in EPCs, possibly by interacting with PTEN
to regulate Fox03a signaling, to facilitate the repair of the endothelium by EPCs.

Key words: EPC, miR-221, EndMT, PTEN/Fox03a



1264

Background

Coronary heart disease is one of the most common car-
diovascular diseases worldwide and is caused by vascular
endothelial injury. It has been demonstrated that once
the vascular endothelium is damaged, the endothelial
progenitor cells (EPCs) migrate from the bone marrow
(BM) to the ischemic tissue and differentiate into mature
vascular endothelial cells in an attempt to repair the in-
jured site.! However, accumulating evidence suggests that
EPCs contribute to intimal hyperplasia during this process.
For example, BM-derived EPCs have been shown to aug-
ment intimal hyperplasia by migrating into the intima
of balloon-injured carotid arteries,? and our previous study
showed that BM-derived EPCs can transdifferentiate into
smooth muscle lineage cells that are positive for alpha
smooth muscle actin (<SMA), producing an endothelial-
to-mesenchymal transition (EndMT).3 These results sug-
gest that the EndMT capacity of EPCs may contribute
to intimal hyperplasia. This is further supported by evi-
dence that EndMT increases the thickness of the intimal
layer in pulmonary arteries.* However, the mechanisms
underlying the EndMT process in EPCs have not yet been
fully elucidated.

MicroRNAs (miRs) are short (only 21-23 nucleotides),
highly conserved, non-coding RNA sequences that bind
to the 3’-untranslated region of a variety of mRNA tar-
gets and function to regulate gene expression at the post-
transcriptional level by inhibiting the translation or pro-
moting mRNA degradation.>® Previous microarray-based
expression profiles have shown that several miRs are ex-
pressed in EPCs, including miR-126, miR-21, miR-27a, and
miR-221.78 Furthermore, some studies have shown that
both miR-21 and miR-127 are involved in mature endo-
thelial cell EndMT that can be induced by TGF-$1 and
TGF-B2.2? In addition, miR-221, an endothelial-specific
miR, has been shown to exert anti-angiogenic, anti-in-
flammatory and pro-apoptotic effects by targeting both
ZEB2 and Ets-1.1%1! Finally, miR-221 maintains the an-
giogenic capacity of EPCs by inhibiting p27 expression.!?
However, few studies have described the role of miR-221
in the EndMT process of EPCs.

Previous investigations have confirmed that phosphatase
and tensin homolog (PTEN) is a direct target of miR-221.13
In vascular endothelial cells, downregulation of miR-221
decreased cell viability, migration and invasion, while all
of these effects were reversed in response to the overex-
pression of PTEN.!® Furthermore, recent studies have
shown that a decrease in PTEN activates the phosphory-
lation of FoxO3a.1*15 In our previous study, we showed that
phosphorylated FoxO3a plays an inhibitory role in EndMT
by inactivating the Smad3/4 pathway in the nucleus
of EPCs.1® Given this, we hypothesized that the activa-
tion of the miR-221/PTEN/FoxO3a pathway may inhibit
EndMT in EPCs.

E. Zhou et al. miR-221 inhibits EndMT of EPC via PTEN/Fox03a

Objectives

This study was designed to determine the function
of miR-221 in the EndMT process of EPCs and to explore
the potential signaling pathways underlying these functions.

Materials and methods
Ethical approval

All animal experiments were approved by the Animal
Research Ethics Committee of the No. 9 People’s Hospital
affiliated with the Shanghai Jiao Tong University School
of Medicine, Shanghai, China. All animals were sacrificed
using bilateral thoracotomy during anesthesia.

Cell isolation and culture

Bone marrow-derived EPCs were isolated from male
Sprague Dawley rats, as described previously.? Ficoll-
Isopaque Plus (Histopaque-1077; Sigma-Aldrich, St. Louis,
USA) density gradient centrifugation was used to isolate
mononuclear cells from rat bone marrow. The cells were
cultured in endothelial cell growth medium (EGM2; Lonza,
Basel, Switzerland) consisting of endothelial cell basal me-
dium-2 (EBM-2), supplemented with 20% fetal bovine serum
(FBS). Cells were then cultured on a fibronectin-coated dish
at 37°C in a 5% CO, incubator. The medium was removed
after 4-7 days, and cells were gently washed with phos-
phate-buffered solution (PBS). The attached cells were then
used for further experiments. The CD31 fluorescence stain-
ing was then performed as previously described” to identify
vascular endothelial cells.

Inducing EndMT in EPCs

Endothelial progenitor cell EndMT was induced as pre-
viously described.'” Briefly, the cells were seeded on culture
plates in Ham’s F-12 media containing 5% FBS, and then
treated with TGF-P1 (5 ng/mL) for 7 days.

Immunocytochemistry

The EPCs were cultured on cell slides and then rinsed with
PBS, before being fixed with 4% paraformaldehyde phos-
phate buffer for 15 min at room temperature. Slides were
then blocked for 2 h in PBS containing 5% normal goat se-
rum and 2% bovine serum albumin (BSA), and incubated
with monoclonal antibodies (diluted 1:500) against SM22«
(Cat. No. SAB1400272; Sigma-Aldrich) overnight at 4°C. Cells
were washed 5 times in PBS and incubated with AlexaFluor®
594-conjugated goat anti-mouse/rabbit antibody diluted
1:500 (Santa Cruz Biotechnology, Dallas, USA) for 1 h at room
temperature. The mean fluorescence intensity of SM22a was
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evaluated using Image] software (RRID:SCR_003070; Na-
tional Institutes of Health (NTH), Bethesda, USA).

Real-time PCR

Total RNA was isolated from EPCs using TRIzol reagent
(Cat. No. 10296028, Lot No. 79348502; Life Technologies,
Carlsbad, USA), as described in the manufacturer’s in-
structions. Extracted RNA was then reverse transcribed
to cDNA using a Thermo Cycler (Applied Biosystems,
Waltham, USA) and real-time polymerase chain reaction
(RT-PCR) was performed using a real-time PVR machine
(LightCycler 480 IT; Roche, Basel, Switzerland). The mRNA
was quantified using a TaKKaRa reverse transcription assay
(Cat. No. R0037A; TaKaRa, Tokyo, Japan) and SYGRII (Cat.
No. RR820A; TaKaRa). Gene-specific primers were syn-
thesized by Sangon Biotech (Shanghai, China) and mRNA
levels were quantified using the 2-24<t method (Table 1).

Transfection

The miR-221 mimics and inhibitors were synthe-
sized using the Qiagen (Hilden, Germany) reagents and
the miR-221 mimic sequence was set as 5-~AGCUACAU-
UGUCUGCUGGGUUUC-3. The gene ID of PTEN in Na-
tional Center for Biotechnology Information (NCBI) was
NM_000314 and both, the PTEN ¢cDNA and siRNAs,
were synthesized by Sangon Biotech. Cells were seeded
in six-well plates and transfected with the miR-221 mimic,
miR-221 inhibitor or their negative controls using Lipo-
fectamine 3000 transfection reagent (Cat. No. 11668019;
Invitrogen, Carlsbad, USA) according to the manufactur-
er’s instructions. Transfections were performed on days
4 and 7. All subsequent experiments were performed
24 h after the final transfection.

Western blot

Total protein from the EPCs was extracted using radioim-
munoprecipitation assay (RIPA) buffer and then separated
using 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) before being transferred to polyvi-
nylidene fluoride (PVDF) membranes using electrophoresis,
and probed with primary antibodies against aSMA (Cat.

Table 1. The primer sequences used for this investigation

Gene | Forward 5" — 3'

miR-221 CGCGAGCTACATTGTCTGCTG
PTEN TTGAAGACCATAACCCACCACAGC
PIK3R1 ACTGAAGCAGATGTTGAACAAC
FoxO3a TGGACGCCTGGACCGACTTC
ESRT CTGCTGCTGGAGATGCTGGATG
MMP-1 TGTTCGCCTTCTACAGAGGAGACC
GAPDH GACATGCCGCCTGGAGAAAC
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No. CBL171; Merck Millipore, Billerica, USA), myocardin
(Cat. No. 14760S; Cell Signaling Technology, Danvers, USA),
PTEN (Cat. No. sc-7974; Santa Cruz Biotechnology, Dallas,
USA), p-FoxO3a (Cat. No. sc-101683; Santa Cruz Biotech-
nology), FoxO3a (Cat. No. 2497s, Cell Signaling Technol-
ogy), and B-actin (Cat. No. 3700; Cell Signaling Technology).
Appropriate horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies were then used to facilitate visualization,
and protein bands were detected using an electrochemilumi-
nescence (ECL) system (Fusion FX7; Vilber, Lemont, USA).

Statistical analyses

All data were initially tested using the one-sample Kol-
mogorov—Smirnov normality test and F-test. This high-
lighted that not all data were normally distributed and
that some data variance was uneven. All experiments were
repeated 5 times and therefore we used the more reliable
nonparametric tests. The data were expressed as maxi-
mum, minimum, median, percentiles 25, and percentiles
75, and analyzed with the Kruskal-Wallis H test followed
by a Mann—Whitney U test for post hoc comparison, using
the SPSS v. 13.0 software (SPSS Inc., Chicago, USA). The
values of p <0.05 were considered statistically significant.

Results
TGF-B1 induces EndMT in EPCs

Endothelial progenitor cells were identified as described
in our previous research.” The cells cultured from mono-
nuclear cells showed a cobblestone-like appearance, while
EPCs treated with TGF-f1 showed a spindle-shaped ap-
pearance (Fig. 1A,B). Immunofluorescent staining showed
that EPCs treated with TGF-B1 had a high SM22a expres-
sion (Fig. 1C,D) and the expression of aSMA also increased
in response to TGF-B1 (Fig. 1E).

miR-221 expression was decreased
following EPC EndMT

The miR-221 expression continuously increased in EPCs
cultured in medium without TGF-f1. In contrast, when

| Reverse 5" — 3’

AGTGCAGGGTCCGAGGTATT

CATTACACCAGTCCGTCCTTTCCC
CATCGATCATTTCCAAGTCCAC
GCTCCGTGCTCGCCAAGATG
CTGGCTCTGGCTAGGCTCCTC

CTGGTGGGAATGTGTGAGCAAGTC
AGCCCAGGATGCCCTTTAGT
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Fig. 1. TGF-B1 induces endothelial-mesenchymal transition (EndMT)

in endothelial progenitor cells (EPCs). A and B. Morphology of EPCs under
a light microscope; A. EPCs cultured in endothelial cell basal medium-2
(EBM-2) containing 20% fetal bovine serum (FBS); B. The EPCs treated with
TGF-B1; Cand D. Immunofluorescence staining of SM22a in EPCs (red:
SM22q; blue: DAPI); C. The EPCs cultured in EBM-2 containing 20% FBS;

D. The EPCs treated with TGF-B1; E. The expression of aSMA in EPCs

with or without TGF-B1 was detected with western blot (data expressed
as maximum, minimum, median, percentiles 25 and percentiles 75, and
analyzed with Kruskal-Wallis H test followed by Mann-Whitney U test

for post hoc comparison using the SPSS v. 13.0 software). Normal — EPCs
cultured in EBM-2 containing 20% FBS; TGFB1 — EPCs treated with TGF-f1;
**p <001

EPCs were treated with TGF-p1, the miR-221 expression
remained comparable over the first 3 days and then began
to gradually decrease compared to controls (Fig. 2A).

Overexpression of miR-221 inhibits
TGF-B1-induced EndMT of EPCs

To demonstrate the role of miR-221 in EPC EndMT,
EPCs were transfected with either a miR-221 inhibitor
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Fig. 2. The expression of miR-221 in endothelial progenitor cells (EPCs)
during endothelial-mesenchymal transition (EndMT). A. The expression
of miR-211 in EPCs with or without TGF-31 over 10 days and detected
with reverse transcription polymerase chain reaction (RT-PCR). Normal

— EPCs cultured in endothelial cell basal medium-2 (EBM-2) containing
20% fetal bovine serum (FBS); TGFP31 — EPCs treated with TGF-31; **normal
cpmpared to TGF-B1, p < 0.01; B. The expression of miR-221 every 3 days
following the treatment with miR-221 mimics and inhibitors as detected
with RT-PCR. The data were expressed as maximum, minimum, median,
percentiles 25 and percentiles 75, and analyzed with Kruskal-Wallis H test,
followed by Mann-Whitney U test for post hoc comparison. Normal

— EPCs cultured in EBM-2 containing 20% FBS; TGF31 — EPCs treated

with TGF-31; TGF31 + miR-221 inhibitor — EPCs transfected with miR-221
inhibitor then treated with TGF-B1; TGFB1 + miR-221 inhibitor control

- EPCs transfected with the negative control of miR-221 inhibitor then
treated with TGF-31; miR-221 mimics — EPCs cultured in EBM-2 containing
20% FBS and transfected with miR-221 mimics; miR-221 mimics control

— EPCs cultured in EBM-2 containing 20% FBS and transfected with

the negative control of miR-221 mimics; ** normal compared to miR-221
mimics, p < 0.01; # TGF-31 compared to TGF-B1 + miR-221 inhibitor,

p <0.01

or miR-221 mimic (Fig. 2B), and then treated with TGF-p1.
Endothelial progenitor cells transfected with the miR-221
inhibitor exhibited a spindle-shaped appearance, while
EPCs transfected with miR-221 mimics presented with
a cobblestone-like appearance (Fig. 3A—C). Immunofluo-
rescent staining revealed that the SM22a expression sig-
nificantly increased or decreased in response to the miR-
221 inhibitor or miR-221 mimic, respectively (Fig. 3D-G).
The expression of both «SM A and myocardin was signifi-
cantly increased in the presence of the miR-221 inhibitor
and attenuated in the presence of miR-221 mimics in EPCs
treated with TGF-p1 (Fig. 4A,B).
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staining of SM22a in EPCs. The expression of SM22a in EPCs during EndMT following miR-221 overexpression or silencing; D. The EPCs treated with TGF-B1;

E. Silencing of miR-221 in EPCs treated with TGF-B1; F. Overexpression of miR-221 in EPCs treated with TGF-f31; G. Mean fluorescence intensity of SM22a

in EPCs following miR-221 overexpression or silencing during EndMT. Data expressed as maximum, minimum, median, percentiles 25 and percentiles 75, and
analyzed with Kruskal-Wallis H test followed by Mann-Whitney U test for post hoc comparison. TGFf31 — EPCs treated with TGF-31; TGF31 + miR-221 inhibitor
- EPCs transfected with miR-221 inhibitor and treated with TGF-f1; TGF1 + miR-221 mimics — EPCs transfected with miR-221 mimics and treated with TGF-31;
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Fig. 4. Expression of aSMA and myocardin in endothelial progenitor cells (EPCs) undergoing endothelial-mesenchymal transition (EndMT). A. Western blot
describing aSMA and myocardin expression during EndMT in EPCs; B. The relative expression of aSMA and myocardin under these conditions. Data expressed
as maximum, minimum, median, percentiles 25 and percentiles 75, and analyzed with Kruskal-Wallis H test followed by Mann-Whitney U test for post hoc
comparison. TGFR1 — EPCs treated with TGF-31; TGFB1 + miR221 inhibitor — EPCs transfected with miR-221 inhibitor then treated with TGF-B1; TGF1 + miR221
inhibitor control — EPCs transfected with the negative control of miR-221 inhibitor and treated with TGF-31; TGF31 + miR221 mimics — EPCs transfected with
miR-221 mimics and treated with TGF-B1; TGFB1 + miR221 mimics control — EPCs transfected with the negative control of miR-221 mimics and treated with
TGF-R1

miR-221 regulates assessed with RT-PCR. The expression of PTEN was shown
the PTEN/FoxO3 signaling pathways to be significantly higher in EPCs treated with TGF-f1,
. . while the expression of PIK3R1, FoxO3a, ESR1, and MMP-1
in TGF-1-induced EndMT was comparable between the 2 groups (Fig. 5A). The ex-

The expression of several potential targets of miR-221 pression of aSMA was increased in TGF-p1-treated EPCs
in EPCs undergoing TGF-f1-dependent EndMT was and was attenuated in response to PTEN siRNA. However,
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Fig. 5. Expression of miR-221 related genes in endothelial progenitor

cells (EPCs) during endothelial-mesenchymal transition (EndMT).

A.The expression of phosphatase and tensin homolog (PTEN), PI3KRT,
FoxO3a, ESR1, and MMP-1 during EndMT was detected with reverse
transcription polymerase chain reaction (RT-PCR). Normal — EPCs cultured
in endothelial cell basal medium-2 (EBM-2) containing 20% fetal bovine
serum (FBS); TGFR1 - EPCs treated with TGF-B1, **p < 0.01; B. Western

blot evaluating PTEN, p-FoxO3a, FoxO3a, and aSMA expression.

Data expressed as maximum, minimum, median, percentiles 25 and
percentiles 75, and analyzed with Kruskal-Wallis H test followed by Mann-
Whitney U test for post hoc comparison. Normal — EPCs cultured in EBM-2
containing 20% FBS; TGFR1 — EPCs treated with TGF-B1; TGFB1 + miR221
mimics — miR-221 overexpressing EPCs treated with TGF-B1; TGFR1 +
miR221 mimics + PTEN cDNA — miR-221 and PTEN overexpressing EPCs
treated with TGF-31; normal + PTEN siRNA — PTEN silenced EPCs cultured
in EBM-2 containing 20% FBS; *normal compared to normal + PTEN siRNA
5,p < 0.05 **normal compared to normal + PTEN siRNA, p < 0.01
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the increase in aSMA expression was significantly attenu-
ated by the addition of miR-221 mimics in EPCs treated
with TGF-B1, which was reversed in response to PTEN
c¢DNA (Fig. 5B). At the same time, the total expression
of FoxO3a remained unchanged. However, phosphory-
lated FoxO3a expression was notably reduced in response
to TGF-B1, which was reversed following the addition
of the miR-221 mimics. This reversal was nearly completely
abolished following the addition of the PTEN cDNA. In ad-
dition, the phosphorylation of FoxO3a was significantly
augmented in EPCs treated with PTEN siRNA compared
to normal cells (Fig. 5B).

Discussion

It has been widely reported that EPCs are beneficial
in the treatment of coronary heart disease, as these cells
can differentiate into mature vascular endothelial cells.
However, accumulating evidence suggests that EPCs can
also differentiate into mesenchymal cells, which may ag-
gravate intimal hyperplasia and contribute to atherogen-
esis.!819 Several studies have shown that TGF-B1 induces
the EndMT process in EPCs in vitro. However, only half
of the EPCs transplanted into the impaired endothelium
were transformed into smooth muscle cells (SMCs) fol-
lowing TGF-P1 treatment, while the others acted to en-
hance intimal hyperplasia in vivo.2 These results suggest
that the EndMT process in EPCs can be regulated. In this
study, we found that a deficiency in miR-221 may facilitate
TGF-B1-dependent EndMT in EPCs. Furthermore, miR-
221 inhibits the EndMT process by interacting with PTEN,
which regulates PTEN/FoxO3 signaling.

The SM22a and aSM A are mesenchymal markers used
to detect EndMT in EPCs, as described previously.” In this
study, the expression of SM22a and aSMA significantly
increased in EPCs after the treatment with TGF-B1, sug-
gesting that EPCs underwent EndMT.” It has also been
reported that EPCs derived from rat bone marrow are
able to undergo EndMT after treatment with TGF-p1,?
while human circulating EPCs only differentiated into
mesenchymal cells following direct contact with smooth
muscle cells,' indicating a complex regulatory system
in different tissues.

Some studies have reported that miRs are closely associ-
ated with cellular transdifferentiation. The miRNA-221 ex-
erts anti-angiogenic, anti-inflammatory and pro-apoptotic
effects in EPCs through their interactions with ZEB2 and
Ets-1.1%1! In ectopic endometrial tissues and ectopic endo-
metrial stromal cells, the inhibition of miR-221 expression
leads to decreased cellular proliferation.?’ In our study,
we found that the expression of miR-221 was markedly
decreased for up to 5 days following TGF-B1 treatment,
and was accompanied by an increase in aSMA expres-
sion. This suggests that miR-221 is involved in the EndMT
process of EPCs.
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To determine the role of miR-221 in EndMT, miR-221
inhibitor or mimics were repeatedly transfected into EPCs
following TGF-P1 treatment on days 1, 4 and 7, to induce
either upregulation or downregulation of miR-221. As a re-
sult, the expression of SM22a, aSMA and myocardin
in EPCs undergoing EndMT was either increased or de-
creased following transfection with miR-221 inhibitors and
miR-221 mimics, respectively. The previous study suggests
that myocardin plays a critical role in the development
of cardiac myocytes and vascular SMCs. Loss of myocar-
din results in a synthetic, dedifferentiated phenotype that
leads to atherosclerosis.?! These results suggest that miR-
221 inhibits the EndMT process in EPCs by suppressing
the expression of aSMA and myocardin.

Previous studies have also reported that the PI3K/
Akt/FoxO3 signaling pathway plays an important role
in the self-renewal of hematopoietic stem cells.?? In our
previous study, we also found that miR-126 targets PI3KR2
to inhibit EPC EndMT through the PI3K/Akt/FoxO3 path-
way.” In this study, we evaluated several potential target
genes for miR-221, including PTEN, PI3KR1, FoxO3a, ESR1,
and MMP-1, in EPCs undergoing EndMT. We found that
the expression of PTEN was increased in EPCs treated with
TGEF-B1, while its expression was inhibited by overexpres-
sion of miR-221. The expression levels of PI3KR2, FoxO3a,
ESRI, and MMUP-1 were comparable between the 2 groups.
These results suggest that PTEN might be a target of miR-
221 and regulate the EndMT process in EPCs. This was
supported by the finding that miR-221 overexpression am-
plified PI3K signaling to promote precursor B-cell reten-
tion by targeting PTEN.?

In addition, we found that FoxO3a expression was
slightly decreased in EPCs treated with TGF-p1. A down-
stream effector of the PTEN/Akt pathway, FoxO3a, is lo-
calized within the nucleus, where it drives transcription.
However, when phosphorylated, the protein translocates
to the cytoplasm.?* One example of this kind of regulation
can be seen in the differential regulation of onco- and
anti-oncogene expression in cells following the nuclear
translocation of phosphorylated AKT.*2 Interestingly,
we found that the expression of phosphorylated FoxO3a
(p-FoxO3a) was significantly increased when PTEN was
suppressed, while overexpression of PTEN led to the inhi-
bition of p-FoxO3a expression. This further suggests that
PTEN decreases the phosphorylation of FoxO3a, thereby
suppressing its nuclear translocation in EPCs undergo-
ing TGF-B1-dependent EndMT. Furthermore, we found
that miR-221 overexpression led to a decrease in PTEN
expression and an increase in aSMA expression, both
of which were reversed by PTEN overexpression. Finally,
our previous study demonstrated that the phosphoryla-
tion of FoxO3a negatively regulates EPC EndMT.” Taken
together, these findings suggest that miR-221 may lead
to PTEN downregulation and the activation of the FoxO3a
signaling pathway, thereby inhibiting the EndMT process
in EPCs.
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Limitations

In the present study, we report that the overexpression
of miR-221 inhibits EndMT in EPCs, but as all experiments
in this study were conducted in vitro, there should be some
focus on validating these findings in vivo. We believe that
miR-221 interacts with PTEN to regulate FoxO3a/Smad4
transcription, but we did not evaluate Smad4 expression
in this study, as these observations were recorded in our
previous paper.” Our findings suggest that miR-221 may be
a potential target during the treatment of in-stent resteno-
sis in coronary artery disease, and facilitate the inhibition
of intimal hyperplasia through EndMT signaling.

Conclusions

In summary, we found that the overexpression of miR-
221 inhibited EndMT in EPCs. This phenomenon is likely
the result of the interaction between miR-221 and its target
gene, PTEN, effecting a change in the regulation of FoxO3a
phosphorylation.
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Abstract

Background. The microRNA (miR)—mRNA axes involved in oxidized low-density lipoprotein (ox-LDL)-
induced vascular smooth muscle cells (VSMCs) proliferation/apoptosis imbalance need to be investigated
in more detail.

Objectives. Toinvestigate the function and any relevant changes to miR—mRNA axes in the ox-LDL-induced
proliferation/apoptosis imbalance in VSMCs.

Materials and methods. Human VSMCs were cultured and treated with ox-LDL in vitro. The differentially
expressed (DE) miRs and mRNAs in VSMCs following 48-h ox-LDL treatment were detected using RNA
sequencing. Candidate miRs and mRNAs were further selected, based on comprehensive bioinformatics
analysis. Changes in the expression of candidate miRs and mRNAs in ox-LDL-treated YSMCs were confirmed
with quantitative real-time polymerase chain reaction (RT-qPCR) and western blot. The inhibitory effect
of candidate miRs on mRNAs were demonstrated using a dual luciferase reporter assay. The functional role
of candidate miRs and mRNAs on proliferation, cell cycle and apoptosis of VSMCs were estimated using cell
couting kit-8 (CCK-8) and flow cytometry assays, respectively.

Results. The RNA sequencing data indicated that 577 mRNAs and 81 miRs were significantly uprequlated
in VSMCs following ox-LDL treatment. Gene function and pathway enrichment analysis suggested that the DE-
mRNAs and miRs participate in the requlation of proliferation, cell cycle and apoptosis. Increased expression
of DLX5 with decreasing miR-124-3p levels were confirmed in ox-LDL-treated VSMCs. The miR-124-3p could
inhibit the DLX5 level by binding the 3" UTR of DLX5 mRNA. Functional analysis showed that the alteration
of miR-124-3p/DLX5 expression mediated the effect of ox-LDL on VSMCs proliferation/apoptosis imbalance.

Conclusions. The ox-LDL affects the VSMC proliferation/apoptosis balance via the miR-124-3p/DLX5 axis,
which results in VSMC hyperproliferation. The miR-124-3p/DLX5 axis might serve as a therapeutic molecular
target to reverse the effect of ox-LDL and prevent atherosclerosis (AS) development and progression.

Key words: atherosclerosis, microRNA, vascular smooth muscle cell, oxidized low-density lipoprotein, DLX5
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Background

Atherosclerosis (AS) is a vascular disease characterized
by stiff, thickened artery walls with reduced elasticity, to-
gether with the formation of atherosclerotic plaques within
the intimal layer.! Its development and progression involves
vascular endothelial cell damage and dysfunction, inflam-
matory cell recruitment, lipid deposition, and thrombo-
sis, in addition to abnormal vascular smooth muscle cell
(VSMC) proliferation.? Excessive proliferation of VSMCs
causes an inflammatory response and thickening of vessel
walls, both of which facilitate lipoprotein deposition and
fibrous cap formation.3

Elevated low-density lipoprotein (LDL) is a major risk
factor for AS. Low-density lipoprotein comprises a core
(mainly triglycerides and cholesterol lipids) and a sur-
face rich in polyunsaturated fatty acids.* Therefore, LDL
is easily oxidized and modified by stimulatory factors such
as cigarette smoke, hyperglycemia and diabetes.> Oxidized
LDL (ox-LDL) is even more potent in inducing AS. It is able
to damage vascular endothelial cells, causing dysfunction
and increased permeability, which initiates AS.° Further-
more, ox-LDL intake upregulates the transition of mac-
rophages to foam cells within plaques. Previous studies
have reported that ox-LDL promotes excessive prolifera-
tion of VSMCs by promoting endothelin-1 secretion and
inhibiting prostacyclin synthesis.” Some of the ox-LDL-
induced cytokines involved in the regulation of VSMC pro-
liferation include platelet-derived growth factor (PDGF),
basic fibroblast growth factor (bFGF) and transforming
growth factor beta (TGF-p).® Reversing ox-LDL-induced
VSMC hyperproliferation may represent a new strategy
in AS treatment. However, the mechanisms underlying ox-
LDL-induced regulation of VSMC proliferation need to be
explored prior to the clinical application of this strategy.’

Recent studies investigating the regulatory mechanisms
of microRNAs (miRs) have shown that miRs play an impor-
tant regulatory role in ox-LDL-induced VSMC prolifera-
tion, and several potential miR therapeutic targets have
been identified there. Sun et al. reported that miR-490-3p
is associated with increased ox-LDL-induced VSMC prolif-
eration through the regulation of its target gene, PAPP-A.
The Ox-LDL inhibits miR-490-3p expression, and the up-
regulated miR-490-3p reduces ox-LDL-induced abnor-
mal VSMC proliferation by inhibiting PAPP-A.'° Further-
more, Wang et al. identified another ox-LDL-induced miR,
miR-195. They found that ox-LDL inhibits miR-195 levels
in VSMCs and that miR-195 inhibits VSMC proliferation
and migration.!!

Objectives

In this study, we aimed to analyze RNA sequencing data
from ox-LDL-treated VSMCs to find novel miR—messenger
RNA (mRNA) axes involved in ox-LDL-induced VSMC

C. Jia et al. miR-124-3p/DLX5 axis in VSMCs

proliferation. We selected differentially expressed (DE)
miRs and mRNAs in ox-LDL-treated cells and conducted
functional and bioinformatics analyses on these genes.
We selected the miR-124-3p/DLX5 axis as one potentially
related to VSMC proliferation, which was confirmed fol-
lowing ox-LDL treatment. Considering that ox-LDL pro-
motes VSMC proliferation by breaking the cell prolifera-
tion/apoptosis balance, we further explored the regulatory
function of the miR-124-3p/DLXS5 axis in VSMC prolifera-
tion and apoptosis.

Materials and methods
Cell culture and ox-LDL treatment

Human aorta smooth muscle cells (HA-VSMC, prod-
uct code: CRL-1999) were obtained from the American
Type Culture Collection (ATCC, Manassas, USA) and
cultured using F-12K media (Thermo Fisher Scien-
tific, Waltham, USA) in a humidified incubator at 5%
CO, and 37°C. To make the complete growth medium,
the following components were provided by Procell
Life Science&Technology (Wuhan, China) and added
to the base medium: 0.05 mg/mL of ascorbic acid;
0.01 mg/mL of insulin; 0.01 mg/mL of transferrin; 10 ng/
mL of sodium selenite; 0.03 mg/mL of Endothelial Cell
Growth Supplement (ECGS); fetal bovine serum (FBS;
Thermo Fisher Scientific) to a final concentration of 10%,
HEPES to a final concentration of 10 mM, and TES to a fi-
nal concentration of 10 mM. Antibiotics were not added
into the medium. The HA-VSMCs in their 5% passage were
treated with 100 pg/mL of ox-LDL (Thermo Fisher Scien-
tific) for 24 h before further experiments.

No approval was required from bioethical committee
due to the fact that no human or animals were enrolled
in the present study.

RNA sequencing and data analysis

After 48 h of exposure to ox-LDL, cells were collected,
and samples sent for RNA sequencing (BGI Technology
Service, Shenzheng, China). The DE-mRNAs and miRs
were analyzed using theDESeq2 package in R software
v. 3.4.1 (R Foundation for Statistical Computing, Vienna,
Austria). The DE-genes are defined as genes with a fold-
change of expression >2.0 and p < 0.05.

Bioinformatic analysis

To explore the potential biological function of DE
mRNA and miRs, further functional and signaling path-
way analyses were performed. Gene Ontology (GO) gene
enrichment analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) signaling pathway enrichment
analyses were performed on a set of DE-mRNAs using
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data from the Database for Annotation, Visualization and
Integrated Discovery (DAVID; https://david.ncifcrf.gov/).
Signaling pathway analyses for DE-miRs were conducted
using the online tool mirPath v. 3 (http://snf-515788.
vm.okeanos.grnet.gr/). The miR-mRNA target relation-
ship was predicted using miRanda-mirSVR tools (http://
www.microrna.org/microrna/getMirnaForm.do).

Quantitative real-time
polymerase chain reaction

The total RNA, including miRs was isolated from
cells using TRIzol reagent (Thermo Fisher Scientific).
To evaluate miR-124-3p expression levels, RNA samples
were reverse transcribed into cDNA using miScript Re-
verse Transcription Kit (Qiagen, Shanghai, China) and
amplified using miScript SYBR-Green PCR Kits (cat.
No. 218073; Qiagen). The expression value of miR-124-3p
was normalized to the reference gene RNU6B. The prim-
ers of miR-124-3p and RNU6B were provided using miS-
cript Primer Assay Kit (cat. No. 218300; Qiagen) and are
patent-protected. To detect the level of DLX5, cDNA
was synthesized using PrimeScript RT reagent Kit (cat.
no. RR0O37A; TaKaRa, Beijing, China) and analyzed us-
ing TB Green® Premix Ex Taq™ II Kit (cat. No. RR820A;
TaKaRa). The expression value of DLX5 was normalized
to GAPDH. The forward primer of DLX5 was 5-TTC-
CAAGCTCCGTTCCAGAC-3. The reverse primer
of DLX5 was 5-GAATCGGTAGCTGAAGACTCG-3..
The forward primer of GAPDH was 5-GGAGCGAGA-
TCCCTCCAAAAT-3". The reverse primer of GAPDH was
5-GGCTGTTGTCATACTTCTCATGG-3.

Western blot

Treated cells were lysed on ice in radioimmunoprecipi-
tation assay (RIPA) buffer supplemented with a protease
and phosphatase inhibitor cocktail (Beyotime, Shang-
hai, China). The concentration of extracted protein was
measured using BCA protein assay kit (Beyotime). Equal
amounts of protein samples were loaded and separated
with 10% polyacrylamide gel electrophoresis (PAGE) gel.
After electrophoresis, samples were transferred to nitro-
cellulose membranes and membranes were blocked using
5% fat-free milk. Then, membranes were incubated with
rabbit monoclonal primary antibodies of DLXS5 (Abcam,
Cambridge, UK) and GAPDH (Abcam). Next, goat anti-
rabbit IgG H&L (horseradish peroxidase (HRP)-labeled)
secondary antibody (Abcam) was used. Protein bands were
detected using the electrochemiluminescence (ECL) detec-
tion kit (Beyotime).

Cell transfection

The pcDNA3.1-DLXS5 expression vectors were con-
structed and transfected into HA-VSMC to overexpress
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DLXS5 expression. An empty pcDNA3.1 vector served
as the transfection negative control (NC). To knockdown
DLXS5 expression, siRNA-DLX5 were transfected into cells.
To up- or downregulate the expression of miR-124-3p, spe-
cific miR-mimics and miR-inhibitors (Qiagen) were used.
For siRNA and miR-mimics, the Allstars sequence (cat.
No. 1027280; Qiagen) was used as the transfection NC. For
miR-inhibitors, miScript Inhibitor Negative Control (cat.
No. 1027272; Qiagen) was used as the transfection NC.
Lipofectamine 2000 Reagent was used 48 times according
to the manufacturer’s instructions. Once the transfection
was confirmed with qRT-PCR (Fig. 1), cells were used for
further experiments.
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Fig. 1. Transfection effects of human aorta vascular smooth muscle cells
(HA-VSMCs) were confirmed using quantitative real-time polymerase
chain reaction (RT-gPCR). A. The effect of pcDNA3.1-DLX5 and siRNA-DLX5;
B. The effect of miR-124-3p mimic and miR-124-3p inhibitor

*p < 0.05 compared with matched transfection negative control

(NC) mixture; ¥ p < 0.05 compared with pcDNA3.1-DLX5 or miR-124-

3p mimic. Transfection NC,,, was a mixture of Allstars sequence and
empty pcDNA3.T in A (n = 5). Transfection NC,x was a mixture of Allstars
sequence and miScript Inhibitor Negative Control in B (n = 5).

Proliferation analysis

Treated cells were plated into 96-well plates at 5000 cells/
well. At O h, 24 h, 48 h and 72 h timepoints, 10 pL Cell
Counting Kit-8 reagent (Beyotime) was added into each
well (200 pL medium/well) and the cells were incubated
at 37°C for 1 h. The absorbance was measured at 450 nm us-
ing an automatic microplate reader BioTek EIx800 (BioTek,
Winooski, USA) and normalized to the blank well. Rela-
tive proliferation = normalized absorbance value at other
timepoints/N = normalized absorbance value at 0 h.

Flow cytometry analysis for cell cycle

Treated cells were collected and washed with cold phos-
phate-buffered saline (PBS). Cell cycle assay was performed
using BD Pharmingen BrdU Flow Kit (Becton Dickinson
Biosciences, San Diego, USA). In brief, cells were labeled
with and fixed/permeabilized using BD Cytofix/Cytoperm
Buffer (Becton Dickinson Biosciences). Then, cells were
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treated with deoxyribonuclease (DNase) and incubated with
fluorescein isothiocyanate (FITC)-conjugated anti-BrdU.
After staining with 7-AAD and resuspending, Guava®
easyCyte 8HT Benchtop Flow Cytometer (Merck Milli-
pore, Darmstadt, Germany) was used to perform flow cy-
tometry analysis. Data were analyzed using Guava® InCyte
and GuavaSuite software v. 3.0 (Merck Millipore).

Apoptosis assay

Cells were plated in 96-well plates and treated with
indicated transfection contents and/or ox-LDL. Follow-
ing 24 h of treatment, cells were incubated with prepared
2x detection reagent from the RealTime-Glo™ Annexin
V Apoptosis Assay Kit (Thermo Fisher Scientific). Lumi-
nescence was detected using Spark® 10M fluorescence
plate reader (Tecan, Midnnedorf, Switzerland) to indicate

apoptosis.
Dual-luciferase reporter assay

The wild-type and mutant DLX5 3"-UTR fragment was
subcloned into the pMIR REPORT™ miRNA expres-
sion firefly luciferase reporter vectors (Ambion, Austin,
USA). The pRL-TK reporter control vectors (Ambion) ex-
pressing Renilla luciferase were used as the internal con-
trol. Luciferase reporter vector (DLX5 3-UTR-WT and
DLX5 3-UTR-MUT) or control vectors were co-trans-
fected with miR-124-3p mimic or mimic controls, using
Lipofectamine 2000 according to the manufacturer’s pro-
tocols. After 24 h of co-transfection, firefly luciferase activ-
ity was determined using the Dual-Luciferase® Reporter
Assay System (Promega, Beijing, China), and normalized
to the background Renilla luciferase activity.

Statistical analyses

Statistical analyses were performed using R v. 3.4.1
(R Foundation for Statistical Computing, Vienna, Austria).
Results were presented as the means + standard devia-
tion (SD). Differences in means between 2 groups were de-
termined using Student’s t-test. For groups of more than 2,
a one-way analysis of variance (ANOVA) with a Bonfer-
roni’s post hoc test or Dunnett’s multiple comparisons
test was performed to determine significance. A p-value
of <0.05 was considered statistically significant.

Results

Changes in mRNA and miR expression
profiles and functional analysis
in ox-LDL-treated VSMCs

High-throughput RNA sequencing showed that 577
mRNAs had significantly altered expression in VSMCs,
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24 h after ox-LDL treatment (fold-change (FC) of expres-
sion > 2.0; p < 0.05), of which 219 genes were upregulated
and 258 downregulated (Fig. 2A,C). In addition, a signifi-
cant change in the expression of 81 miRs following ox-
LDL treatment was observed (FC > 2.0; p < 0.05), of which
63 were upregulated and 18 downregulated (Fig. 2B,D).
We also performed Gene Ontology (GO) gene enrich-
ment analysis of DE-mRNAs (Fig. 3A). The DE-mRNAs
were involved in a range of cellular processes, such as “cell
proliferation”, “cell growth” and “regulation of cell cycle”.
Kyoto Encyclopedia of Genes and Genomes (KEGG) signal-
ing pathway enrichment analysis of DE-mRNAs (Fig. 3B)
demonstrated that the DE-mRNA s are related to cell cycle
and apoptosis pathways. Pathway enrichment analysis
of DE-miRs, whose expression was significantly altered,
showed that the target genes of these miRs are also in-
volved in apoptosis and cell cycle pathways (Fig. 3C). Taken
together, the ox-LDL responsive DE-mRNAs and DE-miRs
may play a functional role in the regulation of proliferation,
cell cycle and apoptosis in VSMCs.
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Fig. 2. Differentially expressed mRNAs and microRNAs after 48 h

of oxidized low-density lipoprotein (ox-LDL) treatment. A. Volcano plot
showing 219 significantly upregulated and 258 downregulated mRNAs
in cells after 48 h of ox-LDL treatment; B. The volcano plot showing

63 significantly upregulated and 18 downregulated microRNAs in cells
after 48 h of ox-LDL treatment; C. Heatmap showing top 10 upregulated
and downregulated mRNAs in cells after 48 h of ox-LDL treatment;

D. Heatmap showing top 10 upregulated and downregulated mRNAs

in cells after 48 h of ox-LDL treatment
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Fig. 3. Functional annotation analysis for differentially expressed mRNAs and microRNAs in human aorta vascular smooth muscle cells (HA-VSMCs) after
48 h of oxidized low-density lipoprotein (ox-LDL) treatment. A. Top 10 Gene Ontology (GO) gene enrichment analysis results for differentially expressed
mRNAs showed their potential biological progress, molecular function and cellular component; B. Top 10 Kyoto Encyclopedia of Genes and Genomes
(KEGG) signaling pathway enrichment analysis result for differentially expressed (DE) mRNAs; C. Top 10 pathway enrichment analysis results for DE

microRNAs

Aberrant changes in the miR-124-3p/DLX5
axis in ox-LDL-treated VSMCs

Based on GO gene enrichment analysis and KEGG
pathway enrichment analysis results, we selected DE-
genes related to the proliferation, apoptosis and cell cycle

of VSMCs as candidate genes for further analysis. A to-
tal of 35 genes were potentially related to proliferation,
apoptosis and cell cycle of VSMCs (Fig. 4A). Among these,
DLXS5 had the highest upregulation. Next, we predicted
miRs that could complementarily bind to DLX5 mRNA
3UTR using the miRabda-mirSVR tools and compared
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these results with the ox-LDL-treated downregulated miR
list, finding only miR-124-3p being overlapped. We found
that less than 200 pg/mL of ox-LDL induced proliferation
and apoptosis at same time, but 200 pg/mL or more inhib-
ited proliferation (Fig. 5A,B). Hence, we selected 100 ug/mL
of ox-LDL for further study, which was shown to signifi-
cantly enhance cell proliferation (Fig. 5C). Furthermore,
this dose of ox-LDL also induced significant apoptosis
after 12 h of treatment, although there was no further
increase to the apoptotic rate with further treatment
(Fig. 5D). We suggest that ox-LDL could promote the pro-
liferation of VSMC and induce apoptosis at the same time,
but the pro-proliferative effect of ox-LDL is greater than
the pro-apoptotic effect, hence the imbalance.
Following the treatment with 100 pug/mL ox-LDL,
the DLX5 expression in VSMCs was detected using
qRT-PCR and western blotting. These results showed
that ox-LDL treatment significantly upregulates DLX5
at 24 h (Fig4B-D). Transfection with the miR-124-3p mimic
antagonized the effect of ox-LDL on DLX5. The qRT-PCR
verification showed that ox-LDL treatment significantly
decreased miR-124-3p expression after 24 h (Fig. 4E), al-
though the DLX5 mRNA level did not significantly change
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C Fig. 4. Oxidized low-
density lipoprotein (ox-
LDL) increased expression
of DLX5 and reduced
miR-124-3p level in human
aorta vascular smooth
muscle cells (HA-VSMCs).
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following ox-LDL treatment for 12 h (Fig. 5E). Yet, changes
of miR-124-3p could be observed after 12 h of ox-LDL
treatment (Fig. 5F). The DLXS5 and miR-124-3p did not
further change after 48 h of ox-LDL treatment.

Next, we analyzed the inhibitory effect of miR-124-3p
on its molecular target, DLX5. These data showed that
mRNA and protein levels of DLXS significantly de-
creased in response to miR-124-3p upregulation, and
significantly increased after downregulating miR-124-3p
in VSMCs (p < 0.05) (Fig. 6A—C). The dual luciferase re-
porter assay indicated that miR-124-3p directly binds
to the DLX5 3'UTR. Overall, these results indicated that
ox-LDL can alter the balance of the miR-124-3p/DLX5
axis in VSMCs.

Oxidized low-density lipoprotein-induced
VSMC proliferation/apoptosis imbalance
via the miR-124-3p/DLX5 axis

Next, we analyzed the function of the miR-124-3p/DLX5
axis in VSMCs. Overexpressed miR-124-3p inhibited

VSMC proliferation (p = 0.03), while VSMC proliferation
was increased (p = 0.04) when miR-124-3p was inhibited
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(Fig. 7A). The DLX5 had a stimulatory effect on VSMCs
proliferation (p = 0.003), while siRNA-DLXS5 inhibited
proliferation (p = 0.016) (Fig. 7B). According to our flow
cytometry results, transfection with miR-124-3p mimics
and siRNA-DLXS5 arrested the cell cycle at the Gy/G; phase
(p = 0.02 and 0.03, respectively) (Fig. 7C,D), and induced
apoptosis (p = 0.005 and 0.008, respectively) (Fig. 7E,F).
However, transfection with miR-124-3p inhibitor and
pcDNA3.1-DLX5 increased the proportion of cells in G2/M
phases, but with no effect on apoptosis. When investigating
proliferation, cell cycle and apoptosis of VSMCs, overex-
pression of DLX5 antagonized the effect of miR-124-3p
mimics.

Following transfection with miR-124-3p mimics and
siRNA-DLXS5 for 48 h, cells were treated with ox-LDL
for 24 h. As expected, ox-LDL treatment significantly
increased VSMC proliferation (p < 0.05) (Fig. 8A) and
increased the proportion of cells in S and G,/M phases
(p = 0.03) (Fig. 8B). The overexpression of miR-124-3p
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or inhibition of DLXS antagonized the effect of ox-LDL
significantly (p = 0.03 and p = 0.004, respectively). The ox-
LDL tended to induce VSMC apoptosis, and this effect
was enhanced by upregulation of miR-124-3p or inhibition
of DLX5 (Fig. 8C). Together, ox-LDL regulates the VSMC
proliferation/apoptosis balance through the miR-124-3p/
DLXS axis.

Discussion

Recent studies have shown that ox-LDL may regulate
the VSMC proliferation/apoptosis balance through miRs,
making ox-LDL-related miR pathways promising thera-
peutic targets for AS treatment.!? In this study, we deter-
mined mRNA and miR expression in VSMCs 24 h after
ox-LDL treatment using high-throughput RNA sequenc-
ing. These data demonstrated significant changes to both,
mRNA and miR expressions following ox-LDL treatment.
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Then, to further reveal the biological functions of these
mRNAs and miRs, we conducted functional enrichment
analysis of these DE-mRNAs using the GO database, find-
ing that some of the DE-mRNAs are related to the prolif-
eration and cell cycle of VSMCs. In addition, KEGG signal
pathway enrichment analysis showed that some of the DE-
mRNAs are the components of signaling pathways in-
volved in VSMC functions. The DIANA-mirPath (http://
snf-515788.vm.okeanos.grnet.gr/) is an online tool that
reveals the function of miRs of interest through pathway
enrichment analysis of target genes for those miRs. This
analysis highlighted that cell cycle, apoptosis and MAPK
and RAS signaling pathways are involved after ox-LDL
treatment. This evidence indicated that miRs might also
participate in ox-LDL-induced VSMC proliferation/apop-
tosis imbalance.

Because it was not possible for us to verify all these
sequencing data, it was necessary to screen out mRNAs
of interest and their corresponding miRs for further
analysis. With a focus on the regulatory effect of ox-LDL
on the VSMC proliferation/apoptosis balance, together
with the results of GO gene enrichment analysis, only DE-
genes related to the proliferation and cell cycle regulation
of VSMCs were selected as candidates for verification.
However, we found many such candidates, and we selected
the gene with the highest expression of FC, DLX35, for further
analysis. Next, miRs that can use DLXS5 as the target gene
were predicted and compared with previously obtained DE-
miRs. These candidate miRs should be expressed at a low
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level in ox-LDL-treated VSMCs and bound to the 3’'UTR
of DLXS. Finally, we only selected miR-124-3p in this study
and assumed that ox-LDL can regulate the VSMC prolif-
eration/apoptosis balance through the miR-124-3p/DLX5
axis, which was verified in vitro. Quantitative real-time
polymerase chain reaction (RT-qPCR) confirmed that miR-
124-3p expression decreased in ox-LDL-treated VSMCs.
In addition, the expression of mRNA and protein levels
of DLXS increased in VSMCs after ox-LDL treatment.
Furthermore, we confirmed the targeted inhibitory effect
of miR-124-3p on DLXS5. Together, these data indicated
the presence of the miR-124-3p/DLXS5 axis that can be
regulated by ox-LDL in VSMCs.

Some studies investigating cancer have reported that
miR-124-3p inhibits cell proliferation. Xu et al. showed that
miR-124-3p inhibits the proliferation of nasopharyngeal
carcinoma cells,'® while Wu et al. reported the inhibitory
effect of miR-124-3p on glioma proliferation.!* The in-
hibitory effect of miR-124-3p on VSMC proliferation and
migration has also been reported previously.’> However,
Cheng et al. showed that miR-124-3p promotes VSMC
proliferation, so the role of miR-124-3p in VSMCs remains
controversial.® The current study showed that the upregu-
lation of miR-124-3p inhibits VSMC proliferation, arrests
the cell cycle and increases apoptosis, while its inhibition
accelerates VSMC proliferation. Therefore, we believe
that miR-124-3p can inhibit VSMC growth. Moreover,
we discovered that miR-124-3p overexpression counteracts
the stimulatory effect of ox-LDL on VSMC proliferation.
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Fig. 7. Functional roles of miR-124-3p and DLX5 on proliferation, cell cycle and apoptosis in human aorta vascular smooth muscle cells (HA-VSMCs).
A and B. The miR-124-3p inhibited proliferation of HA-VSMCs, but DLX5 promoted cell proliferation; C and D. The miR-124-3p caused G,/Gg phase arrest,
while DLX5 increased proportion of G,/M; E and F. Upregulation of miR-124-3p and knockdown of DLX5 induced cells apoptosis

*p < 0.05 compared with transfection negative control (NC) mixture; * p < 0.05 compared with miR-124-3p mimic or pcDNA3.1-DLX5; 2 p < 0.05 compared
with miR-124-3p inhibitor. Transfection NC,;, was a mixture of Allstars sequence, miScript Inhibitor Negative Control and empty pcDNA3.1 in A, C and
E. Transfection NC™* was a mixture of pcDNA3.1 empty vectors and Allstars sequence in B,Dand F (n =5).

These results show that ox-LDL induces VSMC prolifera-

tion partially by regulating miR-124-3p.

One of the target genes of miR-124-3p, DLXS, was fur-
ther investigated to explore its underlying mechanisms.
The DLXS is a member of the protein family encoded
by DLX (Drosophila distal-less) homeobox genes, and
a transcription factor.!” Recent studies have shown that

DLXS5 promotes cell proliferation by regulating the MYC
and protein kinase B (AKT) pathways.!® Tan et al. found
that DLXS5 knockdown inhibits the proliferation of ovarian
cancer cells and arrests the cell cycle at the Go/G; phase.'”
Furthermore, previous results on DLXS5 functions were
consistent with our results. Previous evidence, support-
ing the promoting effect of DLXS5 on cell proliferation,
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is mainly derived from tumor studies, and the role of DLX5
in VSMCs has limited literature. Our results showed that
DLXS5 overexpression increases VSMC proliferation, while
DLXS5 knockdown inhibits this process, arrests the cell
cycle and increases apoptosis. Therefore, we believe that
the function of DLXS5 in VSMCs is consistent with that
in tumor cells (i.e., promotion of cell proliferation). Al-
though we verified the function of the miR-124-3p/DLX5
axis in VSMCs, we did not explore related mechanisms
any further. Future studies may examine the target gene
of DLXS5 to shed light on any potential downstream ef-
fects. In addition, the miR-124-3p/DLXS5 axis was selected
due to the expression FC, and the functions of other miR-
mRNA axes that play a role in ox-LDL-treated VSMCs were
ignored, which was also a limitation of this study.

Limitations

We did not explain how ox-LDL inhibits miR-124-3p
levels. Whether ox-LDL reduces miR-124-3p by affecting
transcription or by posttranscriptional regulation needs
to be confirmed in subsequent studies.

Conclusion

In summary, ox-LDL affects the VSMC proliferation/
apoptosis balance through the miR-124-3p/DLX5 axis and
eventually results in VSMC hyperproliferation. The miR-
124-3p/DLXS5 axis might serve as a therapeutic molecular
target to reverse the effect of ox-LDL and prevent AS de-
velopment and progression.

Availability of data and materials

The RNA-seq data generated and analyzed during the cur-
rent study are available in the Sequence Read Archive (SRA)
database in National Center for Biotechnology Information
(NCBI). Data can be accessed at https://www.ncbi.nlm.nih.
gov/bioproject/PRINA714763.
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Abstract

Background. Drug resistance poses a crucial problem in the treatment of prostate cancer. Recent studies
have shown that chemotherapy agents may cause cancer cells to acquire stem cell-like properties, resulting
in drug resistance and, eventually, treatment failure.

Objectives. To evaluate whether long-term paclitaxel exposure causes an increase in the stem cell-like
properties of prostate cancer cells.

Materials and methods. Paclitaxel-resistant PG-3 cells were generated from parental PCG-3 cells by treating
them with increasing concentrations of paclitaxel. The expression levels of the stem cell markers NANOG,
(-MYC, (D44, and ABCG2 were evaluated using quantitative real-time polymerase chain reaction (RT-gPCR).
A sphere formation assay was performed to test the potential of the cells to behave as stem cells, and a wound
healing assay was carried out to evaluate migration ability of the cells.

Results. The expression levels of -MYC and NANOG were significantly higher in paclitaxel-resistant PC-3
cells compared to the parental PG-3 cells. However, there was no significant increase in the expression of (D44
or ABCG2. In addition, the sphere-forming capacity and migration ability of resistant PC-3 cells were increased.

Conclusions. The results of the current study indicate that paclitaxel exposure may increase the stem cell-like
properties of PG-3 prostate cancer cells.

Key words: prostate cancer, cancer stem cell, paclitaxel, taxane resistance
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Background

Prostate cancer is the 2" most common cancer and one
of the leading causes of cancer death among men world-
wide.! Generally, the first treatment choice for advanced
prostate cancer patients is androgen deprivation therapy
(ADT). Although patients tend to respond to ADT at first,
treatment resistance develops in the majority of individu-
als, and the disease is termed castration-resistant prostate
cancer (CRPC) at this stage. Taxanes (paclitaxel, abrax-
ane, docetaxel) — a class of microtubule stabilizing agents
— causes cell cycle arrest at the G2/M phase and apoptosis.?
Taxane-based treatment provides a good initial response
and an increased survival in CRPC patients. However, al-
most all patients develop resistance over time, and the clin-
ical use of these drugs is severely limited. Therefore, eluci-
dating the mechanisms of taxane resistance is critical for
the development of improved treatment strategies, favora-
ble prognosis and prolonged survival in CRPC patients.?*
Despite current data on possible resistance mechanisms
(such as increased activation and expression of efflux
transporters, reactivation of the androgen receptor path-
way, impairment in the apoptotic pathway, cytokine and
chemokine induction, changes in the structure and func-
tion of microtubules, upregulation of stress survival pro-
teins) and new drugs targeting these mechanisms, CRPC
is known to cause death in many patients.24-¢ Therefore,
other mechanisms causing taxane resistance need to be
investigated.

Recent data indicate that tumors are composed of het-
erogeneous cell populations and most of these cells have
a limited self-renewal capacity. On the other hand, a small
group of cells within the heterogeneous tumor tissue has
been reported to have a high self-renewal capacity, the abil-
ity to transform into different cancer cells, and tumor in-
itiation properties. These are known as cancer stem cells
(CSCs).>” The CSCs form cellular spheroids in serum-free
and non-adherent conditions, and have differential gene
expression profiles, as well as enhanced epithelial-to-mes-
enchymal transformation (EMT) properties. High levels
of expression for genes that encode cell surface receptors
(such as CD44 or CD133), transcription factors associated
with pluripotency and other stemness characteristics (i.e.,
NANOG, OCT4, SOX2, C-MYC), and proteins associated
with drug resistance (i.e., ABCG2 and ABCBI) are all the ex-
amples of differential gene expression profiles in CSCs.”®
An embryonic transcription factor - NANOG - is highly
expressed in CSCs, and shows a lower expression in differ-
entiated tissues. It plays a key role in CSCs gaining properties
such as self-renewal, pluripotency, stemness, metastasis, in-
vasiveness, angiogenesis and drug resistance, with the help
of proteins such as WNT, OCT4, SOX2, and Hedgehog.’

A transcription factor C-MYC plays an important role
in processes such as the cell cycle, cell growth, proliferation,
differentiation and apoptosis, as well as tumorigenesis,
because it regulates the expression of many genes. Recent

F. Mutlu Igduygu et al. Paclitaxel, stemness of prostate cancer cells

studies have revealed that C-MYC effects the self-renewal
capacity of cells and is one of the most important core
markers for stem cells.'%!! The CD44 is a cell surface recep-
tor. Hyaluronic acid, osteopontin and many other ligands
bind to this receptor to mediate processes such as metasta-
sis, invasion and migration. It is one of the most commonly
used cell surface receptors in identifying prostate cancer
stem cells.!> The ABCG2 is one of the ABC family efflux
proteins and is responsible for removing drugs and harm-
ful substances from cells. This receptor is responsible for
the development of the resistance to many different drugs,
and is defined as a stem cell marker for side populations
in many types of tumors, including prostate cancer.!?

Recent studies also suggest that CSCs may be responsible
for chemotherapy and radiotherapy resistance in several
cancer types, including prostate cancer.>'*!> An emerg-
ing hypothesis about CSCs and chemotherapy resistance
argues that cancer non-stem cells may acquire stemness
properties when they are treated with chemotherapy, and
that this process may result in chemotherapy resistance.”!¢

Some studies have reported an increase in the number
of chemotherapy- or radiotherapy-resistant cancer cell groups
that exhibit stem-like characteristics, as well as features
of EMT.31718 In studies examining the relationship between
prostate CSCs and taxane resistance, researchers have iso-
lated CSCs from prostate cancer cell lines and have reported
that those cells were resistant to taxanes. However, these
studies failed to reveal whether taxanes affected the stem cell-
like characteristics of prostate cancer cells. To the best of our
knowledge, the present study is the first attempt to investigate
whether a long-term exposure to paclitaxel affects the stem
cell characteristics of prostate cancer cells.

Objectives

The aim of this study is to evaluate whether there
isan increase in the stem cell-like properties of PC-3 pros-
tate cancer cells following treatment with paclitaxel for
a prolonged period. Therefore, the expression of the CSC
markers CD44, C-MYC, NANOG, and ABCG2, as well
as sphere formation and wound healing capabilities, were
compared between parental and paclitaxel-resistant PC-3
cell lines (PC-3-R).

Materials and methods

Cell culture and the establishment
of paclitaxel-resistant cell lines

PC-3 androgen-independent cells (CRL-1435™; Amer-
ican Type Culture Collection (ATCC), Manassas, USA)
were cultured in RPMI 1640 Media (Biological Industries,
Beit HaEmek, Israel), containing 10% heat-inactivated fetal
bovine serum (FBS; Biological Industries), 1% L-glutamine
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(Biological Industries), penicillin (100 U/mL), and strepto-
mycin (100 pg/mL). Cells were incubated at 37°C in a hu-
midified atmosphere containing 5% CO,.

PC-3-R cells were generated from parental PC-3 cells
by treating them with increasing concentrations of paclitaxel
(Sigma—Aldrich, St. Louis, USA). Parental PC-3 cells were
incubated for 24 h, and then treated with 5 nM of paclitaxel
for 48 h. Then, the culture media was replaced with fresh
media without paclitaxel, and the cells were incubated until
they reached 80—90% confluency. The same protocol was
repeated with gradually increasing concentrations of pacl-
itaxel (5 nM each time) until 100 nM paclitaxel-resistant and
viable PC-3 cells (PC-3-R) could be obtained. Cytotoxicity
tests were conducted, and the viability of PC-3 and PC-3-R
cells was confirmed under an inverted microscope.

Evaluating the viability and the number
of the cells

A trypan blue stain was used to determine the number
of viable cells. The cell resistance level and cytotoxic effects
of paclitaxel in PC-3 and PC-3-R cells were assessed using
a MTT assay. Resistant and parental cells were inoculated
in 96-well plates at a density of 5 x 103 cells per well (for
each dose, triplicate wells were used) and incubated for
24 h. Afterwards, the cells were treated with increasing
concentrations of paclitaxel (1.6-600 nM) and incubated
for 72 h. After incubation, a MTT test was conducted and
the absorbances were measured using a microplate reader
at a wavelength of 570 nM.

Quantitative real-time polymerase chain
reaction (RT-qPCR)

The total RNA extraction from cells was conducted using
a High Pure RNA Isolation Kit (Roche Diagnostics, Basel,
Switzerland). A transcriptor First Strand cDNA Synthesis
Kit (Roche Diagnostics) was used to obtain cDNA samples
from 1 pg of total RNA. The expression levels of genes were
quantified using a Lightcycler 480 (Roche Diagnostics).
Suitable probes and gene specific primers were designed
by the Universal ProbeLibrary (UPL) Assay Design Center.
Each sample was quantified in triplicate, and the mean value
was used for further calculations. The B-actin was used
to normalize the target gene expressions. Relative changes
in the amount of mRNA were calculated based on AACT.
The following primers were used for each target gene:
B-ACTIN

forward 5- CCCAGCACAATGAAGATCAA -3'

reverse  5- CGATCCACACGGAGTACTTG -3’
NANOG

forward 5- ACAGGTGAAGACCTGGTTCC -3'

reverse  5- TTGCTATTCTTCGGCCAGTT -3'
CD44

forward 5- TCCAACACCTCCCAGTATGACA -3’

reverse  5- GGCAGGTCTGTGACTGATGTACA -3’

1285

C-MYC
forward 5- TCCACCTCCAGCTTGTACCT-3'
reverse  5- TGAGAGGGTAGGGGAAGACC-3'
ABCG2
forward 5- TGGCTTAGACTCAAGCACAGC-3'
reverse  5- TCGTCCCTGCTTAGACATCC-3'

Sphere formation assay

PC-3 and PC-3-R cells were inoculated onto 96-well
ultra-low attachment plates at a density of 750 cells per
well in serum-free DMEM/F12 (Thermo Fisher Scien-
tific, Waltham, USA), supplemented with 20 ng/mL EGF
(Sigma—Aldrich), B27 (1:50; Invitrogen, Waltham, USA),
0.4% bovine serum albumin (BSA; Sigma—Aldrich), and
4 mg/mL insulin (Sigma—Aldrich). Fresh stem cell media
was added every 3—4 days. The cultures were incubated
at 37°C in a humidified incubator containing 5% CO,.
The sphere growth was monitored for 14 days and the num-
ber of spheres was counted on days 7 and 14. Six wells were
inoculated for both PC-3 and PC-3-R cells. The assay was
conducted in triplicate.

Wound healing assay

PC-3 and PC-3-R cells were inoculated in six-well plates
at a density of 5 x 103 cells per well and incubated in or-
der to reach a confluency of 90% in a complete medium.
The complete medium was removed, and cells were starved
in a serum-free medium for 24 h. Following the formation
of cell monolayers, an artificial wound on the monolayer
was scratched with a sterile 200 pL pipette tip. The cells
were then washed with phosphate-buffered saline (PBS)
and cultured in complete media. The assay was conducted
in triplicate. Cells migrating into the wound were pho-
tographed at 0 h, 8 h, and 24 h using a camera attached
to an inverted microscope.

Statistical analysis

Statistical analyses were conducted using SPSS v. 15.0
(SPSS Inc., Chicago, USA). The data are expressed
as the mean + standard error (SE) and were analyzed us-
ing the Mann—Whitney U test. The statistical significance
of mRNA expression levels was analyzed using REST 2009
v. 2.0.13 (Qiagen, Hilden, Germany). The values of p <0.05
were deemed statistically significant.

Results
Development of paclitaxel resistance
The PC-3-R cells were obtained by treating the paren-

tal cells with increasing concentrations of paclitaxel over
a period of several months. The proliferation performance
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of PC-3-R cells at the 100 nM paclitaxel level was higher
than the PC-3 cells (Fig. 1A). A MTT test was conducted
to assess the cytotoxic effect of paclitaxel in the PC-3 and
PC-3-R cells. The ICs, dose of PC-3-R cells was higher
(>600 nM) than the PC-3 cells (2.65 nM; Fig. 1B).

Expression of stem cell markers
in the PC-3 and PC-3-R cells

The expressions of several stem cell markers, in-
cluding CD44, C-MYC, NANOG, and ABCG?2 in PC-3
and PC-3-R cells were analyzed. The expression levels
of NANOG and C-MYC genes significantly increased
with fold changes of 15.5 (p = 0.0130, 95% confidence in-
terval (95% CI) = 12.930-18.259) and 3.28 (p = 0.0400,
95% CI = 2.802-3.909) in PC-3-R cells, respectively, when
compared to PC-3 cells. There was no significant differ-
ence in the expression levels of ABCG2 (fold change 1.69,
p = 0.0650, 95% CI = 1.647-1.727) and CD44 (fold change
1.12, p = 0.0630, 95% CI = 1.051-1.226), between resistant
and parental cell lines (Fig. 2; Table 1).

Sphere-forming capacity
of PC-3 and PC-3-R cells

The sphere formation assay was applied to PC-3 and PC-
3-R cells in order to find out whether there was an increase
in the stem-like cell population with high sphere forming

—PC3

Fig. 1. A.Images of PG:3 and PG3-R cells
at 100 nM paclitaxel concentration

(at x40 total magnification); B. Cytotoxic
effect of paclitaxel against PC-3 and PG-3-R
cellsin MTT assay. The MTT test was
conducted in triplicate. Data are shown

as mean =+ standard error (SE)

ability in the PC-3-R cell line (compared to parental PC-3
cells). The results showed that the number of spheres was
higher in the PC-3-R cells than in the PC-3 cells, and
the difference between the groups was statistically sig-
nificant both on day 7 (p = 0.0130, z = —2.4810), and day 14
(p = 0.0450, z = -2.0010; Fig. 3; Table 1).

Wound healing assay

The ability of cell migration to serve as an indica-
tor of the stemness-like phenotype was assessed using
a wound healing assay. The PC-3-R cells healed wounds
better than the PC-3 cells. The rate of wound closure
at 8 h for PC-3R cells was 65%, whereas it was only 35.4%
for PC-3 cells. At 24 h, the wound had closed at the rate
of 100% in PC-3R cells and at 54.5% in the PC-3 cells.
The differences in wound closure rates between
both groups at 8 h (p = 0.0500, z = -1.964) and 24 h
(p = 0.0370, z = -2.0870) were statistically significant
(Fig. 4; Table 1).

Discussion

Recent studies have suggested that chemotherapeutics
may cause cancer cells to gain stem cell properties, re-
sulting in drug resistance.'*2° An increased expression
in several genes has been reported in CSCs. These genes
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- o in PG3 and PG3-R cells; D. The ABCG2 ACT values
% - 6.0 ® in PG-3 and PCG-3-R cells. Statistical significance
% 20 Y of mRNA expression levels were analyzed using
[a) = 5.5 REST 2009 v. 2.0.13 (Qiagen, Hilden, Germany)
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Table 1. Sphere numbers, wound healing rates and relative expression of genes observed in PG-3 and PC-3-R cells

Compared parameters

z-value or 95% Cl

Sphere number on day 7 43048
Sphere number on day 14 24045
Wound healing at 8 h [%] 354456
Wound healing at 24 h [%] 65428
C-MYC ACt 6.02 +£0.06
NANOG ACt 21.60 £0.06
CD44 ACt 4.97 £0.03
ABCG2 ACt 17.27 £0.01

9.60 £1.83 0.0130 —24810
34 +046 0,0450 —-2.0010
54.5+32 0.0500 —1.964
100 =0 0.0370 —-2.0870
4.3 £0.09 0.0400 2.802-3.909
17.64 0.1 0.0130 12.930-18.259
4.81 +£0.04 0.0630 1.051-1.226
16.52 £0.01 0.0650 1.647-1.727

Relative expression of genes is expressed as ACT, where ACT — Ct target gene — Ct B-actin for each sample. The lower the ACT values, the higher the gene
expression. Data are shown as mean =+ standard error (SE). Mann-Whitney U test was used to analyze the data between the groups. The statistical
significance of mRNA expression levels was analyzed using REST 2009 v. 2.0.13 (Qiagen, Hilden, Germany). All experiments were conducted triplicate.

encode pluripotency-related proteins, cell surface markers
and transporter proteins. In addition, CSCs have increased
EMT and migration capabilities.!>2-23 Another character-
istic of these cells is the capability to form spheres in se-
rum-free medium.?* The aim of this study was to evaluate
whether repeated paclitaxel treatment increased the stem
cell-like properties of prostate cancer cells. To this end,
the expression of genes related to stem cell properties (NA-
NOG, C-MYC, CD44, ABCG2), as well as sphere formation

and migration capabilities, were compared between PC-3
and PC-3-R cells.

The NANOG protein is encoded by the NANOGI gene
localized to chromosome 12, spanning 4 exons and 3
introns.?> Embryonic stem cells have complexes or gene
regulation networks containing various transcription fac-
tors (NANOG, Oct4, SOX2, KLF4, C-MYC, SLUG, ESRRB,
UTFI, TET2, and GLISI) that help maintain self-renewal
and pluripotency. These complexes regulate the expression
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Fig. 3. A. The number of spheres
in PG:3 and PG3-R cells on day

7, B. The number of spheres

in PG3 and PG3-R cells on day 14;
C. Representative micrographs

of spheres formed by PG-3

and PG3-R cells (at X100 total
magnification). Sphere formation
assay was conducted in triplicate.
Mann-Whitney U test was used
to analyze the data between

the groups

Fig. 4. A. Wound
healing rates of PC:3
and PG3-Rcellsat 8 h;
B. Wound healing
rates of PG:3 and
PC3-Rcells at 24 h;
C. Representative
images of wound
healing experiments
(at x40 total
magnification).
Mann-Whitney

U test was used

to analyze the data
between the groups.
The wound healing
test was conducted
in triplicate
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of proteins in signaling pathways, such as Wnt, BMP4
and TGF-p, to maintain pluripotency and self-renewal.
On the other hand, these complexes interact with vari-
ous repressors, such as the NuRD complex, REST and co-
REST, to inhibit differentiation. NANOG plays a key role
in these complexes. It activates 2 other crucial proteins,
SOX2 and OCT4, and regulates the expression of many
downstream proteins.?® Data from various studies suggest
that NANOG has oncogenic properties, such as increasing
the migration and invasion capabilities of cancer cells, and
that this is achieved through its roles in the formation and
maintenance of CSCs.?’

C-MYC is an oncogene localized to chromosome 8.
It plays important roles in many processes, including
the regulation of the cell cycle, proliferation, metabolic
reprogramming, and cellular survival in cancer cells. Re-
cent studies have revealed that C-MYC induces dediffer-
entiation through the downregulation of lineage-specific
transcription factors. C-MYC downregulates GATA3 and
ESRI (the master regulator genes of cell differentiation)
by binding to their cis-regulatory elements. Hence, onco-
genic and epigenetic reprogramming induced by C-MYC
protein leads cells to acquire CSC-like properties.?

The present study demonstrated that the expression
of NANOG and C-MYC increased significantly in resist-
ant PC-3 cell lines to which paclitaxel had been applied
(Fig. 2). Moreover, compared to parental cells, an increase
in sphere formation abilities (Fig. 3) and wound healing
properties (Fig. 4) was detected in PC-3-R cells. Many stud-
ies have investigated the effects of various chemotherapeu-
tics on stem cell characteristics in different types of can-
cers. For example, Martins-Neves et al. applied increasing
concentrations of doxorubicin, cisplatin and methotrexate
to osteosarcoma cell lines and evaluated the expression
of pluripotency related markers (KLF4, NANOG, SOX2,
OCT4). They reported that KLF4, NANOG and SOX2 ex-
pressions increased in the cell line to which doxorubicin
was applied, that NANOG, KLF4 and OCT4 expressions
increased in the cell line to which cisplatin was applied,
and that the expressions of KLF4 and OCT4 had increased
in the cell line to which methotrexate was applied.!” When
the findings of the current study are evaluated in the light
of those obtained by Martins-Neves et al., the entire body
of data suggests that different chemotherapeutics stimu-
late the expressions of different genes related to stem cell
characteristics, thus leading to an increase in the stem-
like features in various ways. The majority of the studies
suggesting that chemotherapeutics can increase the stem
cell-like properties of cancer cells show that NANOG ex-
pression increases.®1%2%30 The other research has reported
that NANOG plays a key role in the regulation of stem cell
properties, and that it activates many genes in downstream
signaling pathways.?® Considering all these findings,
the increase in NANOG expression, C-MYC expression,
sphere formation, and migration capability in paclitax-
el-resistant prostate cancer cells (compared to parental
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cells) observed in the current study suggests that paclitaxel
may induce the stem cell-related features of PC-3 prostate
cancer cells.

A study by Yoshiyama et al. reported that — in addition
to the capability of forming spheres - NANOG, C-MYC
and SOX2 expressions increased significantly in zoledro-
nate-resistant non-small cell lung cancer and osteosarcoma
cell lines, compared to the parental cell lines.® Similarly,
Wiechert et al. found that CSC-related properties such
as increased NANOG, SOX2 and OCT4 expressions, as well
as in vivo tumor-forming abilities were induced in ovarian
cancer cells that were resistant to cisplatin.?® Liu et al.
also reported that neoadjuvant chemotherapy induced
the stem-like characteristics of breast cancer cells in both
mice and humans. It has been shown that neoadjuvant
chemotherapy caused an increase in monocyte chemoat-
tractant proteins (MCPs), which then resulted in elevated
expressions of NANOG and SOX9, together with an in-
creased sphere-forming capability.>° Cajigas-Du Ross et al.
performed transcriptomic profiling using RNA sequencing
in the docetaxel-resistant and parental PC-3 and Dul45
prostate cancer cells. Their results indicated that 75%
of the top 25 genes that are upregulated in the docetax-
el-resistant cells are associated with stem cell character-
istics (e.g., NES, TSPANS, DPPP, DNAJC12, and MYC).>
Similarly to the current study, that study was performed
on prostate cancer cells (PC-3 and Dul45). Moreover, gene
expression levels were compared between cells resistant
to docetaxel, which is also a taxane (like paclitaxel), and
parental cells. In this study, MYC was among the top
25 genes to exhibit increased expression, which supports
the data of the current study. In light of the aforemen-
tioned research, it was observed that some genes related
to the stem cell characteristics (such as NANOG, SOX2,
OCT4, C-MYC, and ABCG2) were upregulated in cells re-
sistant to chemotherapeutics. Furthermore, these genes
block apoptosis and cause drug resistance. They are also
associated with stem cell features such as pluripotency
and self-renewal, suggesting a close relationship between
the increase in CSC characteristics and drug resistance.
Our findings that NANOG and C-MYC expressions are
upregulated in PC-3-R cells support this idea. Addition-
ally, the increased sphere-forming capacity and migration
capability of the PC-3-R cells indicate an increase in stem
cell properties.

The ABCG?2 is located on chromosome 4 and consists
of 16 exons. ABCG2 is a member of the family of ATP bind-
ing cassette (ABC) transporters, which pump endogenous
and exogenous harmful compounds (such as drugs) out
of the cell. Many drugs commonly used in cancer chemo-
therapy are among the substrates of ABCG2. This gene was
first cloned from doxorubicin-resistant MCF-7 breast can-
cer cells; hence, it is also known as breast cancer resistance
protein (BCRP). Increased expression of ABCG2 is thought
to cause both active extracellular removal of chemotherapy
agents and resistance to chemotherapy. This gene is also
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highly expressed in stem cell subpopulations. ABCG2
is thought to inhibit cell death in stem cell populations, and
to maintain stem cell homeostasis under extreme stress.
It is also believed to be associated with both the stem cell
phenotype and drug resistance.®

The CD44 is a single polypeptide chain cell surface re-
ceptor that is encoded by the CD44 gene. The CD44 gene
islocated on chromosome 11 and has 19 exons. Alternative
splicing of exons 6 to 15 of the CD44 gene leads to the for-
mation of multiple CD44 isoforms, while their removal
produces the standard CD44 transcript. This protein acts
as a receptor for hyaluronan and many other extracellular
matrix components. It also acts as a cofactor for various
growth factors and cytokines. Therefore, CD44 is thought
to be a signaling platform that processes and transfers mul-
tiple signals to membrane-associated cytoskeleton proteins
or the nucleus, thereby regulating the expression of many
genes involved in differentiation, cell migration, prolifera-
tion, adhesion, EMT, and survival. For example, many cell
surface receptors such as EGFR, TGF-BRI, ¢-MET, ErbB2,
and oncogenic signaling pathways become activated when
hyaluronan binds to CD44. Increasing evidence suggests
that CD44 is a critically important regulator of CSC prop-
erties (e.g., self-renewal, tumor initiation, chemoresistance,
and metastasis).3?~34

There was no significant increase in ABCG2 and CD44
expressions in paclitaxel-resistant PC-3 cells in the current
study (Fig. 2). The lack of change in ABCG2 expression
is possibly related to the fact that paclitaxel may not be
an ABCG?2 substrate.?® Martins-Neves et al. evaluated
the expressions of the multidrug resistance transport
proteins ABCB1 and ABCG2 in osteosarcoma cell lines
to which increasing concentrations of doxorubicin, cis-
platin and methotrexate were applied. The expressions
of these genes increased in doxorubicin-applied cells,
whereas the same effect was not observed in cisplatin-ap-
plied and methotrexate-applied cells.!® Similar to the cur-
rent study, no increase was observed in ABCBI and ABCG2
expressions in cell lines treated with cisplatin and meth-
otrexate in the study of Martins-Neves et al. This may
be because paclitaxel, cisplatin and methotrexate are not
the substrates of ABCG2 or ABCBI, or that they are ex-
creted in different ways.

Several studies have reported that CD44-negative cells
can transform into CD44-positive cells, or that CD44-neg-
ative cells may display stem cell-like characteristics.3%
One such a study reported that CD44-negative PC-3
cells spontaneously converted into CD44-high cells ex-
pressing a different CD44 isoform in stem cell medium
— which was more invasive and had higher clonogenic and
self-renewal potential than CD44-high cells expressing
the standard isoform.?8 In the present study, there may be
an increase in the expression of CD44 isoforms different
from the standard one observed in PC-3-R cells.

The present study evaluated the effects of paclitaxel,
a chemotherapeutic from the taxane group, on the stem
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cell properties of prostate cancer cells, and filled a gap
in the literature on this subject. The current study indicated
that paclitaxel can cause a heightened sphere-forming and
migration capability in prostate cancer cells, in addition
toan increased expression of NANOG and C-MYC. In light
of these findings, it was thought that targeting CSCs together
with taxanes and the use of therapeutic agents regulating
the expression of stem cell phenotype-related genes (such
as NANOG and C-MYC) will minimize treatment failures
due to taxane resistance. Pouyafar et al. showed that natural
compounds such as resveratrol can increase the mesen-
chymal endothelial transformation rate and transdifferen-
tiation of CSCs. On the other hand, they can also reduce
the resistance of cells to chemotherapeutics by modulating
GALNTI11 synthesis and autophagy signals.** To overcome
taxane resistance, natural compounds or different treatment
agents that target CSCs could be exploited.

Limitations

The present study has several limitations. First, the ex-
pressions of other genes related to stem cell characteristics
were not evaluated. Second, the changes in gene expression
have not yet been confirmed with western blot analysis.
Third, other methods that analyze stem cell populations
(e.g., using a flow cytometer to measure aldehyde dehy-
drogenase activity) were not used.

Conclusions

Repeatedly applying paclitaxel to prostate cancer cell
lines is thought to increase the stem cell-like properties
of the cells since this is one of the mechanisms causing
drug resistance. The combined use of therapies target-
ing CSCs with classical chemotherapy may help patients
overcome drug resistance and thus, may improve their
treatment. Future studies evaluating the expressions of dif-
ferent genes related to stem cell characteristics and using
additional protein expression analyses and flow cytome-
try techniques may prove beneficial in supporting these
conclusions.

ORCID iDs
Fadime Mutlu Icduygu @ https://orcid.org/0000-0002-4913-9420
Hale Samli @ https://orcid.org/0000-0003-4728-0735

Asuman Ozgdz @ https://orcid.org/0000-0003-4018-5807
Buse Vatansever @ https://orcid.org/0000-0002-2873-3885
Kuyas Hekimler Oztiirk @ https://orcid.org/0000-0002-7075-8875

Egemen Akgiin @ https://orcid.org/0000-0003-1979-419X

References

1. World Cancer Research Fund. Prostate cancer statistics. https://www.
wcrf.org/dietandcancer/cancer-trends/prostate-cancer-statistics.
Accessed June 12, 2020.

2. Bumbaca B, Li W. Taxane resistance in castration-resistant prostate
cancer: Mechanisms and therapeutic strategies. Acta Pharm Sin B.
2018;8(4):518-529. doi:10.1016/j.apsb.2018.04.007



Adv Clin Exp Med. 2021;30(12):1283-1291

20.

21.

Kroon J, Kooijman S, Cho NJ, Storm G, Van der Pluijm G. Improving
taxane-based chemotherapy in castration-resistant prostate cancer.
Trends Pharmacol Sci. 2016;37(6):451-462. doi:10.1016/j.tips.2016.03.003
Galletti G, Leach BI, Lam L, Tagawa ST. Mechanisms of resistance to
systemic therapy in metastatic castration-resistant prostate cancer.
Cancer Treat Rev. 2017;57:16-27. doi:10.1016/j.ctrv.2017.04.008
Cajigas-Du Ross CK, Martinez SR, Woods-Burnham L, et al. RNA
sequencing reveals upregulation of a transcriptomic program asso-
ciated with stemness in metastatic prostate cancer cells selected for
taxane resistance. Oncotarget. 2018;9(54):30363-30384. d0i:10.18632/
oncotarget.25744

Dong L, Zieren RC, Xue W, De Reijke TM, Pienta KJ. Metastatic pros-
tate cancer remains incurable: Why? Asian J Urol. 2019;6(1):26-41.
doi:10.1016/j.ajur.2018.11.005

Zhang S, Zhang H, Ghia EM, et al. Inhibition of chemotherapy-resis-
tant breast cancer stem cells by a ROR1 specific antibody. Proc Nat/
Acad Sci US A. 2019;116(4):1370-1377. d0i:10.1073/pnas.1816262116
Yoshiyama A, Morii T, Ohtsuka K, et al. Development of stemness in
cancer cell lines resistant to the anticancer effects of zoledronic acid.
Anticancer Res. 2016;36(2):625-631. PMID:26851017

Najafzadeh B, Asadzadeh Z, Motafakker Azad R, et al. The oncogen-
ic potential of NANOG: An important cancer induction mediator.
J Cell Physiol. 2021;236(4):2443-2458. doi:10.1002/jcp.30063

. Zhang HL, Wang P, Lu MZ, Zhang SD, Zheng L. c-Myc maintains the self-

renewal and chemoresistance properties of colon cancer stem cells.
Oncol Lett. 2019;17(5):4487-4493. doi:10.3892/0l.2019.10081

. Elbadawy M, Usui T, Yamawaki H, Sasaki K. Emerging roles of c-Myc

in cancer stem cell-related signaling and resistance to cancer che-
motherapy: A potential therapeutic target against colorectal cancer.
Int J Mol Sci. 2019;20(9):2340. d0i:10.3390/ijms20092340

. Senbanjo LT, AlJohaniH, Majumdar S, Chellaiah MA. Characterization

of CD44 intracellular domain interaction with RUNX2 in PC3 human
prostate cancer cells. Cell Commun Signal. 2019;17(1):80. doi:10.1186/
$12964-019-0395-6

. Harris KS, Kerr BA. Prostate cancer stem cell markers drive progres-

sion, therapeutic resistance, and bone metastasis. Stem Cells Int. 2017;
2017:8629234. doi:10.1155/2017/8629234

. Kerr CL, Hussain A. Regulators of prostate cancer stem cells. Curr Opin

Oncol. 2014;26(3):328-333. doi:10.1097/CCO.0000000000000080

. Phi LTH, Sari IN, Yang YG, et al. Cancer stem cells (CSCs) in drug

resistance and their therapeutic implications in cancer treatment.
Stem Cells Int. 2018;2018:5416923. d0i:10.1155/2018/5416923

. Batlle E, Clevers H. Cancer stem cells revisited. Nat Med. 2017;23(10):

1124-1134. doi:10.1038/nm.4409

Marin-Aguilera M, Codony-Servat J, Reig O, et al. Epithelial-to-mes-
enchymal transition mediates docetaxel resistance and high risk
of relapse in prostate cancer. Mol Cancer Ther. 2014;13(5):1270-1284.
doi:10.1158/1535-7163.MCT-13-0775

. Takebe N, Harris PJ, Warren RQ, vy SP. Targeting cancer stem cells

by inhibiting Wnt, Notch, and Hedgehog pathways. Nat Rev Clin Oncol.
2011;8(2):97-106. d0i:10.1038/nrclinonc.2010.196

. Martins-Neves SR, Paiva-Oliveira DI, Wijers-Koster PM, et al. Che-

motherapy induces stemness in osteosarcoma cells through acti-
vation of Wnt/B-catenin signaling. Cancer Lett. 2016;370(2):286-295.
doi:10.1016/j.canlet.2015.11.013

Yuan B, Liu Y, Yu X, et al. FOXM1 contributes to taxane resistance
by regulating UHRF1-controlled cancer cell stemness. Cell Death Dis.
2018;9(5):562. doi:10.1038/541419-018-0631-9

Najafi M, Farhood B, Mortezaee K. Cancer stem cells (CSCs) in can-
cer progression and therapy. J Cell Physiol. 2019;234(6):8381-8395.
doi:10.1002/jcp.27740

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

1291

Cao S,Wang Z, Gao X, et al. FOXC1 induces cancer stem cell-like prop-
erties through upregulation of betacatenin in NSCLC. J Exp Clin Can-
cer Res. 2018;37(1):220. doi:10.1186/513046-018-0894-0
Hadjimichael C, Chanoumidou K, Papadopoulou N, Arampatzi P,
Papamatheakis J, Kretsovali A. Common stemness regulators of embry-
onic and cancer stem cells. World J Stem Cells. 2015;7(9):1150-1184.
doi:10.4252/wjsc.v7.i9.1150

Ma XL, Sun YF, Wang BL, et al. Sphere-forming culture enriches liver
cancer stem cells and reveals Stearoyl-CoA desaturase 1 as a poten-
tialtherapeutic target. BMC Cancer.2019;19(1):760. d0i:10.1186/512885-
019-5963-z

Zhang W, Sui Y, NiJ, Yang T. Insights into the Nanog gene: A propeller
for stemness in primitive stem cells. Int J Biol Sci. 2016;12(11):1372-1381.
doi:10.7150/ijbs.16349

De Kumar B, Parker HJ, Parrish ME, et al. Dynamic regulation of Nanog
and stem cell-signaling pathways by Hoxal during early neuro-
ectodermal differentiation of ES cells. Proc Natl Acad Sci U S A. 2017;
114(23):5838-5845. d0i:10.1073/pnas. 1610612114

Zhang J, Chen M, Zhu Y, et al. SPOP promotes Nanog destruction
to suppress stem cell traits and prostate cancer progression. Dev
Cell. 2019;48(3):329-344.e5. doi:10.1016/j.devcel.2018.11.035
Yoshida GJ. Emerging roles of Myc in stem cell biology and novel
tumor therapies. J Exp Clin Cancer Res. 2018;37(1):173. doi:10.1186/
s13046-018-0835-y

Wiechert A, Saygin C, Thiagarajan PS, et al. Cisplatin induces stemness
in ovarian cancer. Oncotarget. 2016;7(21):30511-30522. d0i:10.18632/
oncotarget.8852

LiuL, YangL, Yan W, et al. Chemotherapy induces breast cancer stem-
ness in association with dysregulated monocytosis. Clin Cancer Res.
2018;24(10):2370-2382. doi:10.1158/1078-0432.CCR-17-2545

Ding XW, Wu JH, Jiang CP. ABCG2: A potential marker of stem cells and
novel target in stem cell and cancer therapy. Life Sci. 2010;86(17-18):
631-637. doi:10.1016/j.1fs.2010.02.012

Skandalis SS, Karalis TT, Chatzopoulos A, Karamanos NK. Hyaluro-
nan-CD44 axis orchestrates cancer stem cell functions. Cell Signal.
2019;63:109377. d0i:10.1016/j.cellsig.2019.109377

Xu H, NiuM, Yuan X, Wu K, Liu A.CD44 as a tumor biomarker and ther-
apeutic target. Exp Hematol Oncol. 2020;9(1):36. d0i:10.1186/540164-
020-00192-0

Yan Y, Zuo X, Wei D. Concise review: Emerging role of CD44 in can-
cer stem cells. A promising biomarker and therapeutic target. Stem
Cells Trans Med. 2015;4(9):1033-1043. d0i:10.5966/sctm.2015-0048
Mao Q, Unadkat JD. Role of the breast cancer resistance protein
(BCRP/ABCG2) in drug transport: An update. AAPS J. 2015;17(1):
65-82. d0i:10.1208/512248-014-9668-6

Oh SY, Kang HJ, Kim YS, Kim H, Lim YC. CD44-negative cells in head
and neck squamous carcinoma also have stemcell like traits. Eur
J Cancer. 2013;49(1):272-280. doi:10.1016/j.ejca.2012.06.004

Qian H, Le Blanc K, Sigvardsson M. Primary mesenchymal stem and
progenitor cells from bone marrow lack expression of CD44 protein.
JBiol Chem.2012;287(31):25795-25807. doi:10.1074/jbc.M112.339622
Di Stefano C, Grazioli P, Fontanella RA, et al. Stem-like and highly
invasive prostate cancer cells expressing CD44v8-10 marker origi-
nate from CD44-negative cells. Oncotarget. 2018;9(56):30905-30918.
doi:10.18632/oncotarget.25773

Pouyafar A, Rezabakhsh A, Rahbarghazi R, et al. Treatment of cancer
stem cells from human colon adenocarcinoma cell line HT-29 with
resveratrol and sulindac induced mesenchymal-endothelial tran-
sition rate. Cell Tissue Res. 2019;376(3):377-388. d0i:10.1007/s00441-
019-02998-9






Therapeutic role of vanillin receptors in cancer

Katarzyna Rakoczy"*®?, Wojciech Szlasa"“t, Jolanta Saczko?, Julita Kulbacka*“F

! Students’ Research Group, Faculty of Medicine, Wroclaw Medical University, Poland
2 Department of Molecular and Cellular Biology, Faculty of Pharmacy, Wroclaw Medical University, Poland

A — research concept and design; B — collection and/or assembly of data; C — data analysis and interpretation;
D — writing the article; E — critical revision of the article; F — final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899—5276 (print), ISSN 2451-2680 (online)

Address for correspondence
Julita Kulbacka
E-mail: Julita.Kulbacka@umed.wroc.pl

Funding sources

This research was financially supported by Statutory
Subsidy Funds of the Department of Molecular and
Cellular Biology No. SUB.D260.21.095.

Conflict of interest
None declared

Received on April 21, 2021
Reviewed on May 18, 2021
Accepted on June 25,2021

Published online on October 5, 2021

Citeas

Rakoczy K, Szlasa W, Saczko J, Kulbacka J. Therapeutic
role of vanillin receptors in cancer. Adv Clin Exp Med.
2021;30(12):1293-1301.doi:10.17219/acem/139398

Dol
10.17219/acem/139398

Copyright

© 2021 by Wroclaw Medical University

Thisis an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CCBY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Adv Clin Exp Med. 2021;30(12):1293-1301

Abstract

Natural products play significant roles in the development of novel drugs. One of such compounds is vanillin
—anatural substance commonly used in food. Anticancer potential of the substance s continually encouraging
researchers to conduct further investigations. A rising number of publications describe the role of 4-hydroxy-
3-methoxybenzaldehyde (vanillin) in the process of inhibiting tumor growth. Four vanilloid receptors play
significant roles in the response of cancer cells to the natural compound. Each of these proteins can be indi-
vidually affected by vanillin; thus, the substance either leads to inhibition of the cell proliferation or increases
the Ca’* level. The TRPV1, a non-selective cation channel permeable to calcium, acts on cancer development
and progression. Thus, vanilloid receptors have the potential to become the target for therapeutical research.
Moreover, selective inhibitors of the receptor have proved their efficacy in vitro. CK2a is an antiapoptotic,
cancer-sustaining protein and, therefore, the inhibitor of apoptosis. Thus, drugs that exhibit allosteric and
ATP-competitive inhibition of the protein might be crucial for cancer therapy. CAMK4 is a protein kinase
expression associated with a wide array of cancers. Also, MARK4 is another kinase responsible for the stability
of microtubules, overexpressed in many cancer types. Studies concerning this protein revealed that microtubule
impairment might be a cancer therapy direction.

This review aims to demonstrate the crucial role of described vanilloid receptors in inhibiting the proliferation
of cancer cells and to prove the usefulness of using vanillin and its derivatives in the process of drug design.

Key words: vanillin, cancer, TRPV1 protein, CK2a protein, CAMK4 protein
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Introduction

Vanilla extract consists of various natural substances.
One of its most prominent components is vanillin (CgHgO3),
a hydrophilic and phenolic aldehyde. The chemical struc-
ture of vanillin is comprised of aldehyde, hydroxyl and
ether groups located around an aromatic ring. This com-
pound is mostly known for its aromatic flavor and specific
odor.! Vanillin can be of both synthetic and natural origin.
When extracted from the seedpods of Vanilla planifolia,
the compound remains conjugated with f-D-glucose and
initially lacks its taste properties. However, in the course
of production, free vanillin is released from the glucoside
by hydrolytic enzymes.? Vanillin may be synthesized from
small molecule natural compounds. Clove oil is the source
of eugenol, which, through the oxidation of a vinyl group
(attached to the aromatic ring), forms vanillin. In a simi-
lar way, vanillin may be synthesized from coniferyl alco-
hol (from spruce tree lignin) and from ferrulic acid (from
rice). Interestingly, the vanillin precursor guaiacol may be
found in petroleum.? Due to its relatively simple structure,
vanillin-like fragments are likely to be found in higher
mass molecules. Following metabolism, radiation, heat and
decomposition, vanillin may be released. For instance, irra-
diation of curcumin solution leads to the generation of free
vanillin, feruloylmethane and acetone. In addition, vanillin
remains one of the products of metabolism of curcumin.?

Vanillin has a significant antitumor potential,* and its

vanillin

CAMK4

activity may be more valuable than previously considered.®
The antimutagenic effects of 4-hydroxy-3-methoxybenz-
aldehyde seem to be due to its influence on cell redox
homeostasis and DNA repair pathways. However, not
only does vanillin exhibit antimutagenic properties, but
it is also considered to be an antimutagen.®~® Moreover,
it has been shown to have antioxidant,”'? antimicrobial,!!
analgesic,'>!% and anti-erythrocyte-sickling!* properties.
Taking the quintessential properties of the discussed phe-
nolic aldehyde into consideration, the process by which
the described organic compound affects certain cells
is worth further discussion and warrants closer analysis.

Vanillin receptors overview
and their role in carcinogenesis

Vanillin may exert its antitumor potential by targeting
membrane and intracellular receptors. The current litera-
ture suggests that this compound acts on 4 main proteins
(transmembrane channel TRPVI) and 3 cytoplasmic pep-
tides — MARK4, CAMK4 and CK2 (Fig. 1).

TRPV1

The TRPVI receptor belongs to the transient recep-
tor potential gene superfamily that includes 28 separate
genes, grouped into 6 subfamilies: TRPC, TRPV, TRPP,

Fig. 1. Four vanilloid
receptors play
significant roles

in the response

of cancer cells

to the natural
compound. Each

of the proteins

is affected by vanillin
in a different way; thus,
the substance either
leads to an inhibition
of cell proliferation
or to an increase

in Ca’* levels
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TRPM, TRPA, and TRPML.!>-7 Each of these genes en-
code a non-selective cation channel responsible for a va-
riety of functions in the organism.!>1¢ These channels
function as a molecular gateway, which transforms stimuli
of both chemical and physical origins into action poten-
tials. Moreover, these channels are the major transducers
for a multitude of biological functions, including vision,
taste, olfaction, mechanonsensation, osmosensation, and
nociception.!®181% The products encoded by transient re-
ceptor potential (TRP) superfamily genes are crucially
important sensory receptors, and among the members
of the family, there is a group of thermoreceptors,?°
which detect hot (TRPVI and TRPV2) and cold (TRPAI)
temperatures — from adverse stimuli to harmless ones
(TRPV3, TRPV4 and TRPMS).'>?° However, these channels
are activated not only by temperature stimuli, but also
by chemical substances like menthol (TRPMS), camphor
(TRPV3), mustard oil (TRPA ), wasabi (TRPA ), and cap-
saicin (TRPV1).20-%

The TRPV1 is a non-selective cation channel that is per-
meable to calcium and is gated by noxious heat, vanilloids,
extracellular protons, and endocannabinoids.'®2! This
channel is a tetrameric membrane protein that contains
4 indistinguishable subunits gathered around an aqueous
pore in the central part of the channel.?® Each subunit
of this multimeric protein consists of 6 transmembrane
segments (S1, S2, S3, S4, S5, and S6) with an amphipathic
region between the 5™ and 6" segment that forms the chan-
nel conductive pore (Fig. 2). Glutamic acid docks into
the ampiphatic region in a pH-sensitive manner and gates
the whole ionic current through the channel.?! In the cy-
toplasmic N-terminus of the protein, there are 3 ankyrin
domains. These domains present consensus sequences for
protein kinases and conciliate the protein-protein model
of cytosolic protein interactions. The C-terminus domain
includes phosphoinositide calmodulin binding (CAM) do-
mains and phosphorylation sites.!® In addition, this re-
ceptor exhibits the TRP-like motif, which plays the role
of an associative domain for the whole receptor to interact
with other membrane-bound proteins.?”

With regard to the involvement of TRPV1 in cancer,
the receptor is now the most important target for the treat-
ment of chronic pain in bone cancer.?® For this reason,

N—terminus

ankyrin C—terminus

domains
Fig. 2. The TRPV1 receptor consists of 6 transmembrane segments (1, S2,

S3, 54, S5, and S6) with an amphipathic region between the 5" and 6™
segment that forms the channel conductive pore
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the search for TRPV1 specific antagonists is becoming
a promising direction in drug discovery and development.?’
Asaregulator of inflammation and calcium signaling path-
ways, the TPRV1 channel can affect the development and
progression of cancer.3’ The receptor is also upregulated
in various neoplasms, including breast and urothelial
cancers,® and this relationship may find an application
in the therapies targeting tumors.3? The anticancer poten-
tial of TRPV activation arises from an increased perme-
ability of the cell membrane for chemotherapy agents.3334
The effects of receptor activation depend on the prelimi-
nary sensitization of TRPVI. The activation of TRPV1
in neurons leads to the release of pro-inflammatory sub-
stance P and calcitonin-related peptide (CGRP).3>3¢ How-
ever, the summarized systemic effect of TRPV1 knockout
turned out to be anti-inflammatory.3” Most of the studies
aiming to evaluate the proliferation of cancer cells with
the use of selective TRPV1 antagonists have shown that
the inhibition of the channel is not related to a higher prob-
ability of cancer.®® In addition, a study by Hwang et al.
showed that TRPV1 is not involved in carcinogenesis in-
duced by activation of the Akt pathway.?

The other example are vanilloids, which induce TRPVI-
unrelated apoptosis in oral cancer.*® Activation of calcium
signaling has been widely evaluated for its potential appli-
cation in the activation of the intrinsic apoptotic pathway
in cancer.*! The assumption is that activation of calcium
inflow to the cytoplasm and the mitochondria would result
in programmed cell death. However, in the case of TRPV1,
the effect varies between analyzed cell lines and, curi-
ously, is related to the level of TRPVI expression.?! Namely,
breast cancer cell lines (MDA-MB231, MCF7) that express
the TRPVI channel are not sensitive to the administra-
tion of its selective agonist — vanilloids. However, after
the transfection with the cDNA of the channel, the sensi-
tivity increases significantly.

The biological effects of TRPVI activation may also
arise from its interactions with the other transmem-
brane proteins, especially those from TRP family.*?
In the case of a therapeutic approach, selective inhibitors
of TRPV1 have proven their efficacy in vitro. The applica-
tion of a TRPV1 activator simultaneously with standard
chemotherapy agents (cisplatin, 5-Fluoruracil, Pirarubi-
cin), leads to a synergistic effect.*>=*> The standalone effect
of TRPV1 activation in thyroid adenocarcinoma cells has
been proven effective as well.*

CK2a

Although casein kinase II (CK2) is not an oncogene, its
activity is significant in various types of cancers, espe-
cially hematological malignancies.?’~* The antiapoptotic
properties of this kinase are associated with an ability
to sustain cancer growth. The CK2a subunit is the anti-
apoptotic protein by which vanillin might induce apop-
tosis in cancer cells through the inhibition of NF-kB
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phosphorylation and activation.*® An interaction between
the receptor and 4-hydroxy-3-methoxybenzaldehyde
inhibits the kinase function of CK2. A guaiacol func-
tional group interacts with the positively charged region
of the CK2a ATP blinding pocket. The potency of the in-
hibitory activity of vanillin is approximately equivalent
to the effects induced by other substances, like feruloyl
methane or ferulic aldehyde. The use of vanillin and its
derivatives in the design of specific CK2 inhibitors may
prove to be very successful.’! Protein kinase 2 is associ-
ated with the increased growth and proliferation of cancer
cells.®? This kinase acts as a potent inhibitor of apoptosis,
allowing the cells to proliferate. Moreover, increased ex-
pression is related to the level of dysplasia among cancer
cells.®® The CK2 mechanism of action involves activation
of the NF-«B pathway by the phosphorylation (and further
degradation) of its inhibitor IkB.>* This kinase is also in-
volved in the induction of drug resistance.”® In addition,
CK2 inhibitors cause the suppression of angiogenesis>®
and the cancer-specific, PTEN-related energetic shift.>”
Various drugs have been tested for allosteric and ATP-
competitive inhibition of CK2 in cancer therapy,®® with
the latter including the small molecule inhibitors TBB,
DMAT, IQA, CX-4945, and CX-5011.> The ATP ana-
logues contain the 2-aminothiazole-derived compounds.*
Moreover, some CK2 inhibitors have proven efficacious
in preclinical studies, like CX4945 for high-risk pediatric
leukemias.?” Aside from the novel chemotherapy agents,
curcumin and its degradation products (ferulic acid, van-
illin, feruloylmethane and coniferyl aldehyde) turned out
to be potent CK2 inhibitors.>

CAMK4

Human calcium/calmodulin-dependent protein kinase
IV (CAMK4), a member of the Ser/Thr kinase family,
is associated with different types of cancer. Vanillin
is considered a potential anticancer agent, and there-
fore its compatibility with the receptor binding pocket
of this kinase has been investigated. It has been found
that this molecule binds strongly to the active site cavity
of CAMK4.%° As further research has shown, the anti-
cancer potential of vanillin is related to its interaction
with the described receptor, successfully inhibiting
the proliferation of HepG2 (human hepatocyte carci-
noma) and SH-SY5Y neuroblastoma cells.®® Moreover,
vanillin treatment does not only affect tumor prolifera-
tion directly, but it also reduces ROS production and
mitochondrial membrane depolarization, which even-
tually leads to the apoptosis in human hepatocyte car-
cinoma and neuroblastoma cells.®? Therefore, targeting
CAMKH4 as a novel therapeutic prospect might result
in the common usage of vanillin (a natural chemical mol-
ecule) and its derivatives, which could be crucial when
it comes to minimizing possible side effects.®> CAMK4
is also involved in the calmodulin-dependent protein
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kinase kinase 2 (CAMKK?2) signal transduction path-
way. Due to its activation of various transcription fac-
tors, neuronal communication and immune response,
CAMK4 was considered a molecular target for anticancer
therapy.®® Nuclear localization of CAMKA4 is associated
with the malignant potential of ovarian cancer.®* It has
also been detected in lung and hepatocellular carcino-
mas.®* Indeed, hepatic cancer is essentially regulated
by the CAMKK2/CAMK4 pathway.®! The CAMK4 has
been examined as a potential target in the case of vari-
ous malignancies, including hepatocellular carcinoma
(HCC), breast cancer, neuroblastoma, prostate cancer,
and acute myelogenous leukemia (AML).%® Vanillin has
proven to be efficacious against cancer through binding
to CAMK4 in HepG2 and SH-SY5Y cancer cells.®? Also,
ellagic acid and quercetin were shown to inhibit the ac-
tivity of this kinase.®® In addition, the natural inhibitor
of CAMK4 — miR-129-5p — was found to inhibit MAPK
and therefore the proliferation, migration and invasion
of hepatic cells.%®

MARK4

Microtubule affinity-regulating kinase 4 (MARK4) is
a Ser/Thr kinase that belongs to the AMPK-like fam-
ily.6768 This kinase regulates the stability of microtu-
bules, and the cell cycle, signaling, differentiation and
polarization®®7%; and its highest expression is observed
in kidney, brain and testes.”"”? Any fluctuations in MARK4
expression can disrupt important cellular pathways, such
as mTOR and NF-kB, which may result in countless health
disorders.””* For instance, MARK4 has been reported
to promote the proliferation of breast cancer cells through
the hippo signaling pathway.”* Vanillin is considered
to be a potential inhibitor of MARK4 and future antican-
cer research might target MARK4 overexpression.”>~77
Therefore, exploring the interaction between MARK4 and
vanillin may provide an effective tool to fight cancer.”
When it comes to the chemical structure and the process
of binding, vanillin connects to this protein kinase only
by a single hydrogen bond between A135 and the hydroxyl
group of vanillin. However, alongside that connection,
there is also a —1 bond with Y134.7 The MARK4 is over-
expressed in different types of cancers, and this protein
is responsible for the control of cell division in its early
stages. This kinase regulates the microtubular system dur-
ing cell division, and thus could be assigned as a target
for novel drugs and naturally derived substances. Several
studies have investigated the ability of natural compounds,
like vanillin, rutin or rosmarinic acid, to act as inhibitors
of MAPK4.787 Also, several novel small molecule drugs
have been shown to be potent MAPK4 inhibitors, exhibit-
ing the potential of microtubule impairment for anticancer
activity in MCF-7 and HepG2 cells.® Dietary polypheno-
lics, ferulic acid, hesperidin, and gallic acid have also been
shown to inhibit MARK4.”8
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Studies examining the use
of vanillin to target cancers

The 4-hydroxy-3-methoxybenzaldehyde is considered
to be generally non-cytotoxic. However, there is strong
evidence confirming that this compound increases
the cytotoxicity of cisplatin® and mitomycin C,* which
are DNA-damaging agents. This fact is evidently related
to the capability of vanillin to impair DNA double-strand
break repair through the inhibition of DNA-PKcs.8! Even
though this organic compound is incapable of directly
suppressing the progression of a tumor, it might enhance
the efficiency of chemotherapy, as suggested by Marton
et al.,% who showed that vanillin inhibits angiogenesis
in a chorioallantois membrane assay of a chick.®* More-
over, vanillin suppresses the activation of NF-kB, which
is induced by various inflammatory stimuli such as tumor
necrosis factor o (TNF-a),? trinitrobenzene sulfonic acid®®
and 12-otetradecanoylphorbol-13-acetate.®® To conclude,
even though the intrinsic cytotoxicity of vanillin is low,
this organic compound can be used to sensitize cancer
cells towards standard chemothrapeutic drugs, which
results in the activation of NF-kB,% and therefore may
increase the effectiveness of these treatments.

In vitro studies concerning
vanillin receptors

The administration of 4-hydroxy-3-methoxybenzalde-
hyde in non-cytotoxic concentrations has shown anticancer
potential in in vitro studies on mouse mammary adeno-
carcinoma 4T1 cells.®” Both invasion and migration were
successfully inhibited by the described organic compound.
Furthermore, experiments on human HepG2 cells have
confirmed the usefulness of 4-hydroxy-3-methoxybenz-
aldehyde. Vanillin contributed to suppression of the en-
zymatic activity of matrix metalloproteinase 9 (MMP-9),
induced by 12-O-tetradecanoylphorbol-13-acetate and de-
creased its mRNA level.®¢ The anticancer potential of van-
illin was also shown in research on lung A549 carcinoma
cells. The migration of these cells induced by hepatocyte
growth factor (HGF) was successfully inhibited by vanil-
lin.#” As demonstrated by these in vitro results, the inhibi-
tory effects of vanillin on the activity of cancer-related pro-
teins make it a very promising potential anticancer agent.

Vanillin is also considered a bio-antimutagen, as it pre-
vents mutagenesis by reducing mutation progress after
DNA damage.3® Studies by Rodrigues de Andrade et al. have
shown that the application of 4-hydroxy-3-methoxybenz-
aldehyde decreases mitomycin C-induced and spontaneous
ring X-loss.?? Even though mitomycin C-induced mutations
were not effectively inhibited by vanillin, the proportion
of recombination in somatic cells of Drosophila melano-
gaster that were treated with the alkylating agent increased
significantly.®® When applied in combination with ethyl
methanesulfonate (EMS), N-methyl-N-nitrosourea (MNU)

1297

or bleomycin, 4-hydroxy-3-methoxybenzaldehyde pre-
vented the cellular genotoxicity induced by these chemi-
cal substances.”>*? Furthermore, measurements of DNA
repair have shown the impact of vanillin on the repair
of lethal damage induced by N-ethyl-N-nitrosourea (ENU)
and EMS.*? Finally, studies on the anti-mutagenic effects
of 4-hydroxy-3-methoxybenzaldehyde have shown its in-
hibitory potential and stimulating effects on detoxification
enzymes.”>

In contrast to the research cited above, the following stud-
ies were conducted on mammalian ovary fibroblast CHO
K-1 cells. Apart from overall antimutagenic effects of 4-hy-
droxy-3-methoxybenzaldehyde, the influence of the cur-
rent phase of the cell cycle on these effects was examined.
The results showed that vanillin caused significant growth
in the incidence of sister chromatid exchange (SCE) induced
in cells treated with N-methyl-N"-nitro-N-nitrosoguanidine
(MNNG) and methyl methanesulphonate (MMS), EMS
and ENU. However, the effects obtained in cells treated
with MMC were dependent on the cell cycle and occurred
in the S phase.”* Also, vanillin treatment applied in the G2
phase in these cells decreased the frequency of breakage
types of chromosome aberrations caused using X-ray radia-
tion and ultraviolet (UV) light, whereas in phase G1, it sup-
pressed both breakage and exchange types of aberrations
induced with X-ray radiation.”® Even though the experiment
was conducted successfully for several mutagens, in cells
treated with N-ethyl-N"-nitro-N-nitrosoguanidine (ENNG)
and mitomycin (MMC), the usage of vanillin did not pro-
duce significant changes. Cricetulus griseus lung fibroblast
V79 cells have also been used to examine the suppressive
properties of 4-hydroxy-3-methoxybenzaldehyde. Vanillin
did not only minimize the incidence of 6-thioguanine-re-
sistant mutations generated using ENU, X-ray radiation and
UV light,*® but it also suppressed chromosomal aberrations
evoked by hydrogen peroxide.””®

Human colon cancer HCT116 cells have also been used
to study the antimutagenic capability of vanillin. The 4-hy-
droxy-3-methoxybenzaldehyde applied at antimutagenic
concentrations caused DNA damage in mismatch-profi-
cient (HCT116 + CHR3), as well as mismatch-deficient
(HCT116) cells. In the end, the HCT116 cells treated with
vanillin exhibited a change in the expression of 64 genes,
mainly related to the DNA damage, oxidative damage,
cell growth, and apoptosis.®® In addition, studies examin-
ing the effects of vanillin on DNA damage caused using
UV light in human keratinocyte stem cells suggested that
the ATM/p53 pathway relates to vanillin-induced protec-
tion of the cell.

In vivo studies concerning
vanillin receptors

The first in vivo studies testing the anticancerogenic
potential of vanillin were conducted in rats. These animal
studies involved supplementing the diet with vanillin for
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7 days and administering a hepatocarcinogen on the 6 day.
Partial hepatectomy, as well as the application of pheno-
barbital and D-galactosamine, demonstrated antioxidant
and inhibitory effects of vanillin on hepatocarcinogenesis
initiation.”® Another study concerning medium-term mul-
tiorgan rat carcinogenesis used male F344 rats that were
given vanillin in their diet, either from 1 day before and
through the exposure to carcinogen, or afterwards. This
study showed that 4-hydroxy-3-methoxybenzaldehyde
suppressed the carcinogenesis of small intestine cancer
and lung cancer, even though only for a week, whereas
its effect on colon cancer cells in the initiation phase was
strikingly different, and cancer cells progression was
observed.!? Other studies have examined the effects
of vanillin in rats with aberrant crypt foci (ACF) induced
with azoxymethane.'”! In these studies, the animals were
given vanillin at either a low or a high dose, and several
parameters, such as ACF density and distribution, as well
as gene expression, were monitored. Although orally de-
livered 4-hydroxy-3-methoxybenzaldehyde did not yield
any significant results, vanillin administered through in-
traperitoneal injection (at the higher concentration) was
cancerogenic. However, the expression levels of many pa-
rameters were affected by the substance. For instance,
the levels of the protooncogenes XRCC2, PMS2, p21, and
cyclin B were increased.!'®® Both the cancerogenic and
anticancerogenic effects of vanillin suggest that further
studies are required in the field of vanillin-related changes
in DNA.

Clinical trials involving vanillin

To date, several trials examining the use of vanillin
in clinical practice have been conducted. Most of these
studies have applied this natural compound for the treat-
ment of hypoxic events'®? or apneas!'® in premature infants.
In addition, the calming effects of vanilla odor have been
tested for the potential induction of analgesia in preterm
newborns.!® The repellent properties of vanillin have also
been tested against flies, and thus its potential applica-
tion for interrupting the transmission of trachoma has
been examined.!®> However, no trials have aimed to use
vanillin as an anticancer therapy. Although vanillin has
never been clinically applied in cancer patients, an extract
from vanilla beans has been examined as a supportive/
adjuvant therapy for cancer. Vanilla in nutraceuticals
(especially flaxseed) has been tested for the prevention
of doxorubicin- and trastuzumab-mediated cardiotoxic-
ity.1% In the future, a registered clinical trial will evalu-
ate its effects on the chemotherapy-induced nausea and
vomiting (trial No. NCT04478630). The only study that
concerned the standalone anticancer activity of vanilla
was conducted on PSA-recurrent prostate cancer.!”” This
phase II clinical study revealed a decline in PSA slope after
the administration of isoflavones (including vanilla).1%®
Although several studies aimed to evaluate the effects
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of whole food interventions (including vanilla) on muco-
sitis in patients treated for thoracic'®® and head and neck
cancers,!!? the studies were terminated early.

Conclusions

Substances of natural origin are effectively used in thera-
pies, as these compounds tend to exhibit significantly less
side effects. Even though our knowledge is still very lim-
ited, the anticancer potential of a widely accessible organic
compound, vanillin, and the multitude of studies examin-
ing the role of vanilloid receptors in carcinogenesis, make
the prospect of using vanillin and its derivatives in clinical
trials very promising. The studies presented in this review
reveal the antitumor activity of vanillin and its therapeutic
potential in cancer treatment and prevention. The data re-
viewed above summarize the results of the most important
research related to the role of 4-hydroxy-3-methoxybenzal-
dehyde and its derivatives as effective inhibitors of the patho-
physiology of cancer. As it turns out, the described incon-
spicuous organic compound may be one of the substances
that indirectly contributes to the inhibition of the tumor
growth and it may become an effective treatment to combat
the fatal consequences of carcinogenesis.
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Abstract

This review aims to characterize the dualistic role of autophagy in both the suppression and propagation
of carcinogenesis. The process of autophagy is responsible for maintaining the delicate balance between
the survival and death of a cell, and in the past years it has been studied profoundly. It has been proven
that the role of autophagy in maintaining genomic and structural integrity can lead to the suppression
of carcinogenesis in its early stages. However, once carcinogenesis has occurred, the process of autophagy
may contribute to the survival of tumor cells and, consequently, lead to tumor progression. Additionally,
autophagy can modulate the response of the tumor cells to therapy, leading to radiotherapy and chemo-
therapy resistance or reduced susceptibility to anticancer drugs that propagate autophagy-related cell death.
Although the role and course of autophagy are not yet fully known, the essence of it seems to be within
our grasp. We have observed the identification of an increasing number of autophagy-related genes (ATG).
Therefore, more research concerning its molecular course and potential applications in cancer treatment and
prevention needs to be conducted.

Key words: oncogenes, cancer progression, autophagy, chaperons
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Introduction

Autophagy is considered to be the process responsi-
ble for keeping a cell in a state of energetic and material
well-being,? and in the beginning it was studied as such.
Over time, researchers started noticing other cellular and
molecular processes that are influenced by or dependent
on autophagy. The term is derived from Greek, meaning
“self-eating” because of the observed digestion of the struc-
tures of the cell. As mentioned above, autophagy was
thought to be a mechanism cells use during starvation,
metabolic stress,? and degradation of misfolded proteins,*
organelles and intracellular pathogens. During years of re-
search, the role of autophagy in cellular senescence and
necrosis prevention® has been identified, opening up a new
field into the possible roles of this process. Researchers
have distinguished 3 types of autophagy: microautoph-
agy, macroautophagy and chaperone-mediated autophagy
(CMA).% All types lead to the common end stage of ly-
sosomal degradation of cellular structures and proteins
(Fig. 1). The term microautophagy describes the process

Chaperone-
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Protein with
KFERQ sequence

NS

Macroautophagy

Formation of an
autophagosome

Chaperone-
protein com)\l\ex
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of direct invagination of a material meant to be digested
by a lysosome. Macroautophagy uses unique structures
called autophagosomes which are double-membrane ves-
icles used to deliver the material into lysosomes. The 2
vesicles fuse to form an autolysosome. In the process
of the chaperone-mediated autophagy, chaperones recog-
nize and bind to proteins containing a KFERQ motif. Then,
they are translocated across the lysosomal membrane using
the LAMP-2A protein, where they are unfolded and de-
graded.”8 Both micro- and macro- autophagy are involved
in the degradation of large and small structures, and may be
selective or nonselective. Chaperone-mediated autophagy
is limited to proteins residing in the cytoplasm and does
not apply to larger structures like organelles.

Objectives

This review aims to delineate the dualistic role of au-
tophagy in the suppression and propagation of carcino-
genesis. We describe the role of autophagy in maintaining

@ Microautophagy

Direct
engulfment
of a protein

. Fusion of a
\ lysosome with an
| autophagosome

\\\ 7 //

Autophagosome

Fig. 1. Types of autophagy. Microautophagy is a process of direct invagination of a material meant to be digested in a lysosome. Macroautophagy uses
special structures called autophagosomes to deliver the material into the lysosomes; the 2 vesicles fuse together to form an autolysosome. In the process
of chaperone-mediated autophagy, a complex between a protein with a KFERQ motif and a chaperone is recognized and translocated across a lysosomal
membrane by the LAMP-2A protein to be unfolded and degraded in the lysosomal environment
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the balance between cell survival and death. Based
on the available literature, we summarize the role of au-
tophagy in carcinogenesis and the possible modulation
of the tumor cell response to therapy.

Methodology

This review was prepared after a literature search was
conducted using PubMed, Mendeley, Google, Scopus,
Embase, and AccessMedicine. The literature search was
limited to articles published between 2001 and 2021, using
the following search terms: autophagy regulation, mac-
roautophagy, chaperone-mediated autophagy, autopha-
gosome formation inhibition, autophagy inhibition, and
autophagy and treatment.

The complexity
of autophagy function

Autophagy, or more specifically the deregulation of it,
is considered an essential factor in the development
of many types of diseases.® The different types of au-
tophagy and its selective and nonselective mechanisms
of action result in an astounding diversity of diseases
it may play a role in. The list of diseases that deregulated
autophagy may be involved in, as a meaningful contribu-
tive component, is constantly getting longer.” Autoph-
agy occurs on a basal and constitutional level. The role
of the basal level has been recently highlighted as a home
keeping mechanism for the cell. Different tissues demand
various levels of autophagy. Therefore, tissues that do not
divide after differentiation, such as neurons and myo-
cytes, are acutely sensitive to the inhibition of autoph-
agy. However, some tissues are less prone to the absence
of autophagy. Neurodegenerative disorders are among
the most commonly mentioned pathologies proven
to be linked to autophagy.'®-12 However, the main focus
of this paper is to provide a highly researched descrip-
tion of the relationship between autophagy and cancer.
Nowadays, we can state that autophagy plays a notewor-
thy role in both cellular protection against cancer and
the growth of a tumor itself.> Autophagy supports tumor
growth by promoting the survival of neoplastic cells that
have to cope with stressors as a result of their rapid pro-
liferation, such as hypoxia and nutrient starvation. Its
protective role is fulfilled by the inhibition of chronic
inflammation and necrosis. The more critical roles of au-
tophagy are removing reactive oxygen species (ROS) that
emerge from dysfunctional mitochondria, causing in-
tense damage to the cell, preventing cellular oncogene-
induced senescence, and maintaining genomic stability.!?
Thus, a conclusion may be drawn that autophagy plays
a role in the early stages of tumor progression and even
initiation.
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The induction and regulation
of autophagy

Autophagy consists of 5 main stages: initiation, elon-
gation, maturation, fusion, and degradation. The com-
plex process of initiation has many different triggers.
Extensive investigations have been conducted on yeast
and have established that nitrogen, carbon and nucleic
acids starvation are all activators of autophagy, although
some are stronger than others.!* In yeast, the starvation
of compounds essential to cell survival is a strong stimu-
lus to initiate autophagy, as is the same for mammalian
cells. The starvation of amino acids and energy, the ab-
sence of growth factors, and the accumulation of mis-
folded proteins, ROS, AMP-activated protein kinase
(AMPK) and calcium play a significant role in autophagy
induction.!® Most of the triggers suppress the common
pathway mTORCI, referred to as a nutrient-sensing ki-
nase, but some have been proven to activate other sig-
naling routes independent of mMTORC1.!° The presence
of a trigger begins the complex process of autophagy
(Fig. 2). The process is controlled by over 30 autophagy-
related (Atg) proteins.'” The Atg proteins are essential
to control the correct course of autophagy. Numerous
Atg genes have been proven to play an important role
in tumor suppression. Consequently, decreased levels
of many Atg proteins are found in tumor cells.!® Under
“normal” conditions, mMTORC1 suppresses autophagy via
mTOR-mediated phosphorylation of Atgl3 when nutrient
levels are sufficient.!* However, in the presence of a trig-
ger, the mTORCI1 pathway is suppressed and the AMPKs
(considered the most vital activator of autophagy) path-
way allows autophagy to proceed.

The AMPK is the principal energy sensor for a cell and
isactivated when AMP:ATP and ADP:ATP ratios increase,
thereby directly linking the process of autophagy with
energy starvation.?’ The AMPK has been proven to have
a dualistic role in the induction of autophagy. By sup-
pressing mTORC1, AMPK indirectly induces autophagy,
but can also induce phosphorylation ULK1/2 to directly
activate the process.?* The ULK1 is one of 5 orthologs
of Atgl3 found in yeast. So far, ULK1 and ULK2 have been
proven to be involved in the induction of autophagy, and
despite slight differences in function and constitution
between them, they are often referred to interchange-
ably. The ULK1/2, Atgl3, FIP200, and Atgl01 proteins
form the so-called ULK1/2 complex.?? Although the exact
course of interaction between these proteins has not been
fully elucidated, it has been suggested that ULK1/2 re-
quires both Atgl3 and FIP200 for stability and correct
function, as both enhance its kinase activity.?® The role
of the ULK1/2 complex seems to be the phosphorylation
of 2 proteins: AMBRA1 and ZIPK.?*?> The effect of these
interactions causes the downstream events required for
phagophore formation. As shown above, the relationship
between mTORC1 and AMPK activity plays a vital role
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in autophagy induction and suppression. Although these
are the most researched regulators of autophagy, they are
not the only ones.

The course of macroautophagy

The induction of autophagy allows for the further stages
to proceed. After the formation of the phagophore, elon-
gation occurs, resulting in the creation of an autophago-
some. Next, the whole structure undergoes maturation.
Finally, the fusion of the autophagosome with a lysosome
occurs, allowing for the final stage of autophagy to oc-
cur — degradation (Fig. 3). The phagophore (also known
as the isolation membrane) is a double-membrane struc-
ture that is the first traceable structure in autophagosome
creation.?® Unfortunately, after years of research and de-
spite advances in technology, its origins remain unclear.
It is believed that a phagophore forms de novo and is dis-
tinct among organelles.?” The current literature has shown
phagophores to form close to the endoplasmic reticulum
(ER), meaning they could use it as a nucleation site. It has
been established that the ULK1/2 complex is responsible
for creating a membrane curvature, while other Atg pro-
teins fold it into 2 and detach it from the site of origin.?

AMPK-ULK1/2 autophagy
induction mechanism.
The mTORCT is activated
by a growth factor and
amino acid rich environment
suppressing the ULK1/2
complex (constituting
ROS of ULK1/2, Atg13, FIP200, and
Atg101 proteins), thereby
inhibiting autophagy. When
those factors are absent
orinlow levels, or reactive
oxygen species (ROS)
and stress condition are
present, the autophagy
is promoted by inadequate
mTORCT activity. Autophagy
is also induced when DNA
is damaged or the AMP:ATP
ratio rises (directly
- by AMPK inducing activity
on the ULK1/2 complex, and
indirectly — by its suppressing
effect on mTORC1). The ULK1/2
complex is responsible for
further activation of proteins
AMBRAT and ZIPK, which are
essential for the induction
of autophagy. This admittedly
simplified figure shows
the ability of a cell to respond
and react to the constantly
changing supply and demand
of nutrients, as well as act
on the damaging effect
of stress and ROS

Starvation
Stress

After nucleation, the phagophore grows using other or-
ganelle membranes during the elongation stage. The mi-
tochondria, ER and Golgi’s complex have been suggested
to be involved in the elongation stage.?” The growing phag-
ophore encloses macromolecules of cytoplasm destined
for degradation forming the autophagosome — a double-
membrane vesicle.3 After maturing, the autophagosome
fuses with a lysosome and the degradation occurs. During
degradation, the contents of the autophagosome are broken
down by lysosomal hydrolases.3!

Importantly, the so-called Beclin-1 protein, a BH3-only
domain protein, has a vital role in the nucleation of phago-
phores and the maturation of the autophagosomes.3? Be-
clin-1 consists of 3 domains: Bcl-2-homology-3 (BH3),
coiled coil (CCD) and the so-called evolutionary conserved
domain (ECD).?* Together with many cofactors (i.e., Ru-
bicon, AMBRA1, UVRAG, Atgl4l), it regulates the lipid
kinase Vps-34 and promotes the formation of the Beclinl-
Vps34-Vpsl5 (Vpsl5 is referred to as p150 by some authors)
complex.®* The Vps-34 is a class III phosphatidylinositol
3-kinase (PI(3)-kinase). Interestingly, it is the only mam-
malian PI(3)-kinase, as no other PI(3)P producing enzyme
has been found. The PI(3)P has been proven to be essential
in the course of autophagy.?® The Beclin1-Vps34-Vpsl15
structure constitutes the core of other complexes, known
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Fig. 3. The course of macroautophagy. Phagophores form in close proximity to the endoplasmic reticulum (ER), which may mean that they use
it as a nucleation site. It has been established that the ULK1/2 complex is responsible for creating a membrane curvature, with other autophagy-related
(Atg) proteins folding it in 2 and detaching it from its site of origin. The formation of the Beclin1-Vps34-Vps15 complex enables its elongation stage

as PI3KC3 complexes (class III phosphoinositide-3-kinase
complexes), which play various roles in the autophagy.
The PI3KC3 complex I is formed with Atgl4L and has an es-
sential role in autophagosome formation, especially in its
early stages (i.e., phagophore formation).3® This complex
is further regulated by other factors, such as AMBRAI,
NRBF2 and VMP1.3” The AMBRAL is a positive regulator
of autophagy and is likely activated by the ULK1/2 com-
plex.38 In the later stages of autophagy, Atgl4L is substituted
by UVRAG and the complex II PI3KC3 is formed.* This
complex has been found to have a role in autophagosome
formation and maturation. The 3" complex, involving core
proteins and UVRAG, also contains Rubicon.*® Although its
role has not been well-defined, it has been reported to nega-
tively regulate autophagy via autophagosome maturation
suppression.*! It is important for further research to focus
on the complex interactions between these proteins, as some
of these compounds are known for their ability to modulate
PI3KC3 complexes and, therefore, be used in cancer therapy
with hopes of suppressing autophagy in tumor cells.

One of the Beclin-1 domain names is derived from its
ability to bind to Bcl-2 proteins. The Bcl-2 is a large family
of proteins known for their role in apoptosis and autophagy
regulation.*? It has been established that under “normal”
circumstances Bcl-2 binds to Beclin-1, inhibiting its ability
to interact with Vps34.%3 But once autophagy propagating
conditions occur, Bcl-2 dissociates from Beclin-1, allowing
autophagy to proceed. Other members of the Bcl-2 family
can interact with Beclin-1 as well, such as Bcl-XL, Bcl-w
and Mcl-1.** This suggests that the interaction between
Beclin-1 and any given Bcl-2 family protein may influence
autophagy differently. Furthermore, the Bcl-2 family di-
rectly links autophagy and apoptosis.*> Additionally, short
periods of nutrient deprivation stimulate the dissociation
of the Beclin-1-Bcl-2 complex propagating autophagy. With
a prolonged exposure to these conditions, the Bax-Bcl-2

complex dissociates and propagates apoptosis.® It is im-
portant to note that BH3-mimetic molecules can disrupt
the Beclin-1-Bcl-2 bond stimulating autophagy in cells
in the correct clinical situation. Aside from autophagy,
those molecules can also induce apoptotic death in cancer
cells through their effect on the Bax-Bcl-2 complex.?

CMArole in cancer biology

Chaperone-mediated autophagy in non-transformed
cells has been proven to be a cancer-preventive process;
it acts through degrading proteins of oncogenic activity
and facilitating cell death.*® A decrease in CMA with age
has been described.*” The intensity of CMA increases
in most neoplastic cell lines as do the levels of a component
of CMA, namely lysosome-associated membrane protein
2 (LAMP2A).> Inhibition of CMA in cancer cells reduces
their tumorigenicity, cell survival and metastatic poten-
tial.>® The pro-oncogenic effect of elevated levels of CMA
components is dependent on the tumor type and stage.
The function of CMA as a protein quality inspector ex-
plains the increased tumor cell survival and resistance
to the conditions of their microenvironment.”® Moreover,
CMA has been proven to be capable of degrading specific
proteins that are responsible for antiproliferative effects
(Rho-related GTP-binding protein RhoE),”! in addition
to tumor suppressor proteins (REF, MST1)*? and pro-apop-
totic proteins such as PUMA (BBC3- Bcl-2 binding com-
ponent 3).°% A high affinity of CMA for enzymes involved
in the glycolytic cycle has also been described.>* Degrada-
tion of these enzymes leads to the accumulation of glycoly-
sis intermediates that promote proliferation. The inhibi-
tion of CMA causes oxidative stress, apoptosis and higher
susceptibility to chemotherapeutics. Thus, CMA inhibition
is considered a possible future cancer therapy.*®



1308

Relation between autophagy
and cancer

The role of autophagy in cancer is a double-edged sword.
Under physiological conditions and a functional autophagy
apparatus, a cell exposed to unfavorable factors (mentioned
above) can recover. For instance, a cell is exposed to ROS
and the damaged proteins emerge. Autophagy activates
to adequately degrade the damaged proteins and organ-
elles, averting potential carcinogenesis. On the other
hand, when autophagy is impaired and the cellular re-
sponse is inadequate, damaged proteins and organelles
accumulate, and further oxidative stress results in DNA
damage and genome instability. Many cells undergo apop-
tosis or necrosis when the damage is fatal, but others may
mutate unfavorably. The effect of these mutations may re-
sultin chronic inflammation, compensatory proliferation
to replace lost cells, and tumor initiation. In this instance,
before carcinogenesis occurs, autophagy, as a protective
mechanism, mitigates the damage done through vari-
ous factors and prevents a tumor-initiating environment
from occurring. The opposite happens once carcinogenesis
has begun. Defective autophagy, in this instance, can lead
to a better response of cancer cells to treatment, hypoxia
and, in some cases, cancer cells death and tumor atrophy.
This is because cancer cells are considered to be more
autophagy-dependent than noncancerous cells. It is es-
pecially applicable to cancer cells within the central part

K. Turek et al. Autophagy in cancer

of tumors, as this environment is notorious for nutrient
deficiencies and oxygen deprivation. Additionally, these
cells have higher bioenergetic and biosynthetic needs due
to their high proliferation rates. It has been proven that
autophagy in the central cells is significantly more intense,
compared to those in the tumor periphery. In this case,
autophagy might be seen as a mechanism that allows for
the survival and even proliferation in highly unfavorable
conditions, leading to further growth, invasion and propa-
gation of metastases (Fig. 4).

By promoting the survival of cancer cells, autophagy
also influences future phases of tumor development.
The initial steps of metastasis require signals promoting
migration and invasion. Many types of cells, such as in-
flammatory cells, can provide such signals.>> Various
inflammatory cells infiltrate the tumor reacting to ne-
crosis, commonly seen in solid tumors, and produce dif-
ferent effects on the tumor. Natural killer (NK) cells and
cytotoxic T lymphocytes generally have anti-metastatic
influence, while macrophages in the tumor environment
usually correlate with a poor clinical prognosis.®® By pro-
moting the survival of tumor cells under metabolic stress
and hypoxic conditions, autophagy reduces tumor cells
necrosis and tumor infiltration through pro-metastatic
mediators, such as macrophages. Therefore, in the early
stages of metastasis, autophagy may act as a suppressor
of metastasis, necrosis, and consequently tumor infiltra-
tion by inflammatory cells. However, in the later stages
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Fig. 4. The growth of an aggressive tumor in conditions of supporting autophagy and a defect in the process. Autophagy is crucial for the cell in the hypoxic
regions of a tumor, promoting neoplastic cell survival. Defects of autophagy result in lower resistance to harsh conditions within the tumor microenvironment
and accumulation of reactive oxygen species (ROS) and defective mitochondria, hence preventing proliferation and consequently, cell death
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Table 1. The consequences of functional and impaired autophagy in different cancer stages

Cancer development stage |

Initiation
Promotion
Early progression

Metastases

Treatment

Autophagy functional

Autophagy allows cells damaged by various factors to recover,
potentially preventing genetic alterations

Tumor cells grow and multiply in unfavorable, oxygen-deprived,
and nutrient-insufficient conditions

Reduced tumor cells necrosis and inflammation, delayed tumor
infiltration by inflammatory cells

The survival of anoikis, adaptation to various new environments
in secondary organs

Weaker response to treatment, chemo- and radioresistance

| Autophagy impaired

Inadequate cellular response to damaging factors
may lead to genome instability and mutations

Tumor cells have decreased tolerance to hypoxia,
in some cases tumor atrophy

Quicker necrosis, tumor inflammation
and infiltration

Metastatic tumor cell dormancy

Better response to treatment

of metastasis, metastatic cells enter the circulation, and au-
tophagy is a factor that allows them to overcome anoikis.>”
In normal cells, the detachment from the extracellular ma-
trix (ECM) propagates apoptosis, termed anoikis. Autoph-
agy has been proven to have a role in anoikis resistance,
as the knockdown of Atg proteins enhances cell death af-
ter ECM detachment.>® Therefore, autophagy is a factor
facilitating the survival and dissemination of metastatic
cells. The final step in the metastasis cascade is the colo-
nization of a distant organ within the host. As the envi-
ronment in secondary organs differs from the primary
site of the tumor, metastatic cells must adapt to the new
conditions.>® For example, metastatic cells that invade
the lungs encounter an oxygen-rich environment and must
adapt to the increased oxidative toxicity. As stated above,
autophagy is the mechanism that allows for the survival
and further development of cancer cells. Some studies have
also proven that when metastatic cells are unable to adapt
to the new environmental conditions, they may enter into
a dormant state.®® Thus, during different stages of cancer
development, the impairment or stimulation of autophagy

can be beneficial, and the clinical application of both
autophagy inhibitors and stimulants may be an answer
to the therapeutic challenges of cancer treatment (Table 1).

Cancer cachexia
and autophagy processes

Cachexia is a syndrome caused by many factors that
are often observed in oncological patients but can oc-
cur in a spectrum of non-oncological chronic diseases.®!
We do understand the causes of cachexia to some extent
— chronic systemic catabolism and inflammation are de-
scribed as the 2 main components of this process, although
its etiology may differ in various tumor types.®* It is usually
associated with the progressive loss of lean body mass (with
or without fatty tissue) through the involuntary degradation
of skeletal muscle. Cachexia can result in impaired func-
tionality of the human body displayed as immune system
malfunction, nausea, asthenia, anorexia, energy imbalance,
and neuroendocrine changes.®® Cancer cachexia affects

Table 2. Autophagy-related drugs and their potential application in cancer treatment

Mechanism of action

SBI-0206965 ULK inhibitor

Verteporfin autophagosome formation inhibitor

Chloroquine with taxane lysosome inhibitor

Bafilomycin A1 lysosome inhibitor

mTOR inhibitor
mTOR inhibitor
Ridaforolimus mTOR inhibitor
PX-866 PI3K inhibitor

Everolimus

Temisirolimus

NVP-BEZ235 PI3K/mTOR inhibitor
GDC-0980 PI3K/mTOR inhibitor
SAR405 PIK3C3 inhibitor
Spautin-1 PI3KC3 inhibitor
Gossypol BH3 mimetic
ABT-737 BH3 mimetic

Clinical stage/FDA approval

Potential application in

neuroblastoma, clear cell renal

preclinical studies carcinoma, NSCLC

phase 1/2 glioblastoma/recurrent glioblastoma

phase 2 breast cancer

hepatocellular carcinoma, pancreatic

preclinical studies
cancer, colon cancer

phase 1 prostate cancer

approved by FDA renal cell carcinoma

phase 3 metastatic soft-tissue sarcomas
phase 2 prostate cancer

phase 1 breast cancer

phase 1 non-Hodgkin’s lymphoma

preclinical studies renal cell carcinoma

preclinical studies chronic myeloid leukemia

phase 2 adult glioblastoma, adult gliosarcoma

preclinical studies thyroid carcinoma

FDA - The United States Food and Drug Administration; NSCLC — non-small-cell lung carcinoma.
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50% of all cancer patients in the early stages of the disease
and 80% as the disease advances,®* making it a concerning
challenge for medicine. Cachexia can affect the entire or-
ganism by reducing the quality of life, tolerance, response
to treatment, and consequently, survival. Inflammatory fac-
tors described in cancer cachexia are eicosanoids,®® tumor
necrosis factor, interferon, interleukin-6 (IL-6), and IL-1[3.%
Chronic inflammatory processes can lead to increased fatty
acid content within the blood.*” Pettersen et al. found that
IL-6 secreted by tumor cells stimulates autophagy in myo-
tubes when complexed with soluble IL-6 receptors.®® Poor
prognosis has also been described in lung cancer patients
with elevated IL-6 levels.®® Systemic chronic inflammation,
characteristic in cancer cachexia, is a result of immune cell
infiltration of the tumor microenvironment and constant
stimulation of the immune system by cancer. Systemic
inflammation increases the demand for nutrients and en-
ergy through catabolic upregulation. Selective autophagy
is a process induced by various forms of stress — ROS and
adenosine diphosphate (ADP) accumulation, hypoxia and
inflammation. It ensures a continuous supply of energy
and nutrients for a tumor as a functional adaptive cellular
response. Penna et al. demonstrated that muscle atrophy
occurring in cancer cachexia is associated with an aug-
mented autophagy rate by studying markers of the process
— Beclin-1 (autophagy induction marker), LC3B conver-
sion (autophagosome levels) and p62/SQSTM1 (substrate
sequestration).®” Another study, looking at the association
between weight loss and autophagy-accelerated bioactiv-
ity, showed no link in a heterogeneous group of oncologi-
cal patients. However, a different study focusing on lung
cancer patients indicated that autophagy-induced activity
and weight loss was a characteristic in men only and was
responsible for a worse prognosis.”

Oncogenes and tumor suppressors
involved in autophagy

Years of studies on oncogenesis and autophagy identified
shared genes in both processes.”! Today we know that both
oncogenes and tumor suppressor genes play a part in au-
tophagy. An oncogene, AKT1, has been identified as an in-
hibitor of autophagy via mTOR activation.”> Mutations
in the Ras gene are common in several types of aggressive
cancers and also play a crucial role in autophagy.”® The Ras
gene is a known upstream inhibitor of mTOR. On the other
hand, PI3K inhibits autophagy via AKT1 activation and
is responsible for the gain-of-function mutations seen in tu-
mor cells.”7”? The Bcl-2 gene is known for its anti-apop-
totic characteristics and inhibition of Beclin-1,7% a crucial
protein in the initial stages of macroautophagy. Beclin-1
is also considered a tumor suppressor gene that is com-
monly deleted in breast, ovarian and prostate cancers.”
The NF1 is a suppressor often mutated in von Reckling-
hausen’s disease and juvenile myelomonocytic leukemia,
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and can relieve Ras-mediated inhibition of autophagy.”
The TSCI and TSC2 genes are mutated in tuberous sclero-
sis and indirectly inhibit the PI3K-AKT1-mTOR pathway.”*
Another tumor suppressor gene, RAB7A, is known for its
rearrangement in leukemias, deletion in solid tumors and
involvement in autophagosomal maturation.” The DAPK1,
yet another suppressor gene silenced in various tumors,
relieves the inhibition of autophagy mediated by Bcl-2/
Bcl-XL. The PTEN gene is downregulated in ovarian
cancer and stops autophagy inhibition mediated by PI3K-
AKT1.”2 These examples highlight the fact that autophagy
and carcinogenesis have a lot in common.

Treatment opportunities

The research on autophagy has brought to light new can-
cer treatment possibilities.”” Thanks to the dualistic role
of autophagy in cancer initiation and progression, there
are many areas we can target to capitalize on the effect
of autophagy in order to suit clinical treatment. Consider-
ing that autophagy has an important role in tumor sup-
pression, we can try to modulate and enhance it in patients
with an increased risk of developing cancers (Table 2).
On the other hand, once carcinogenesis has occurred,
the inhibition of autophagy in cancer cells can be very
beneficial. The 3™ potential application of our knowledge
regarding autophagy is in modulating it to increase the sus-
ceptibility of a tumor to radio- and chemotherapy.”®7

ULK inhibitors

The ULK proteins have a vital and comparatively well-
researched role in autophagy induction and have been one
of the main focuses of numerous studies. Many compounds
involved in the inhibition of ULK kinase activity have been
identified: compound 6, MRT68921, MRT67307, SBI-
0206965, ULK100, and ULK101.”7 The most researched
compound is SBI-0206965. It has been proven to reduce
the growth and induce apoptosis in some neuroblastoma
cell lines, and sensitize one line to treatment. Further-
more, it suppresses non-small cell lung cancer (NSCLC)
cell growth, enhances its susceptibility to cisplatin, and
even induces apoptosis in clear cell renal carcinoma (i.e.,
by blocking autophagy).8%8! Some studies have also in-
dicated its utility in the potential treatment of myeloid
leukemia FLT3-ITD.%2

Autophagosome formation inhibition

Since autophagosome formation is an essential stage
in macroautophagy, there have been studies to find a com-
pound that suppresses it. Verteporfin disrupts autophago-
some formation and other pathways in autophagy.®* Re-
search has shown that verteporfin sensitizes osteosarcoma
cells to cytotoxic drugs.®*
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Lysosomes inhibitors

Lysosome function in autophagy prompted studies
on chloroquine (CQ) and its analog hydroxychloroquine.
Both substances are known for their use in malaria
treatment and rheumatoid diseases, and their ap-
plication in cancer therapy seems to be the next step.
It is known that they can inhibit autophagy by directly
interacting with lysosomes. As weak bases, they diffuse
into the lysosome and undergo protonation to cause overall
alkalization of the lysosome lumen. This creates an unfa-
vorable environment for lysosomal enzymes and impairs
their function. A protonated CQ cannot then diffuse out
of the lysosome as it loses its ability to transverse cell mem-
branes.?> Chloroquine also inhibits the fusion of the lyso-
some with the autophagosome.8¢ Importantly, those effects
did not go unnoticed and CQ has already entered clinical
trials in combination with taxane and taxane-like drugs
to evaluate the response of breast cancer cells to this drug
combination.?” The challenge of long-term use of CQ and
its derivatives is their well-known toxicity, which highly
depends on the dose and duration of treatment. The most
common side effects are retinopathy and cardiotoxicity.®8

Another drug with similar effects on lysosomes is bafilo-
mycin Al (BafAl). It also alkalizes the lumen of lysosomes
through a different mechanism than CQ. The BafA1 tar-
gets the vacuolar-type H*-ATPase, a transmembrane
proton pump responsible for acidifying the lysosome.*
Similarly to CQ and its derivatives, it also inhibits the au-
tophagosome-lysosome fusion and impairs TORC1 signal-
ing. Thus, many researchers speculate about BafA1 future
use in cancer treatments.”!

mTOR inhibitors

The name of mTORC1 derived from the fact that
it is a target of rapamycin.”? Rapamycin is a macrolide
compound known for its role in transplant surgery (ad-
ministered to prevent transplant rejection) and coronary
stent coating. Additionally, studies have shown, that
it might be considered an anti-aging drug (e.g., it ex-
tended the lifespan of mice in some studies).”® These ef-
fects are mainly due to its inhibition of mTOR proteins
and consequently, autophagy activation. Many research-
ers have suggested that rapamycin could be used to slow
down most (if not all) age-related diseases in humans,
including some cancers.* Because mTOR activity is com-
monly upregulated in cancer, its inhibitors have signifi-
cant promise in cancer therapy.®® Therefore, rapamycin
and its derivatives (known as rapalogs) such as temsi-
rolimus, everolimus and ridaforolimus are undergoing
clinical trials to evaluate their potential use in cancer
treatment. Temsirolimus has already been approved
by the The United States Food and Drug Administration
(FDA) in 2007 for use in advanced renal cell carcinoma
(RCC) treatment.
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PI3K inhibitors

The critical role of PI3K in autophagy inspired the re-
search into compounds able to block its function.® Sev-
eral molecules have been found, such as 3-methyladenine
(3-MA), LY294002, wortmannin, and its analog PX-866
(Oncothyreon). Clinical trials have been conducted using
PX-866 on patients with advanced prostate cancer, although
only modest single-agent activity has been reported. How-
ever, more research concerning the activity of PX-866 com-
bined with other drugs needs to be conducted.”” Addition-
ally, the compounds able to inhibit both PI3K and mTOR,
such as NVP-BEZ235 and GDC-0980, have entered clinical
trials evaluating their potential use in cancer therapy.

PI3BKC3 complex inhibitors

Since PI3KC3 complexes consist of various proteins,
there are a few ways to block their activity. The SAR405
is a selective Vps34 inhibitor that affects late autophago-
some-lysosome interaction and prevents autophagy.”® Fur-
thermore, the available research has shown that SAR405
combined with everolimus (mTOR inhibitor) to produce
strong antiproliferative effects on renal tumor cells.”
The potential drawback of SAR405 administration is that
PI3KC3 is also involved in endosomal trafficking and
therefore, can negatively affect cellular secretion.

Spautin-1 is a compound that impairs PI3KC3 by a differ-
ent approach. It inhibits autophagy by enhancing the deg-
radation of Beclin-1 and thus, prevents the formation
of the PI3KC3 complex.!% Shao et al. reported promising
results with its potential application in overcoming resis-
tance to imatinib mesylate-induced autophagy in chronic
myeloid leukemia.!®* Not only does it show proapoptotic
properties, but it also potentiates the efficacy of imatinib
mesylate in chronic myeloid leukemia cells.

BH3 mimetics

The theory behind administering BH3 mimetics is to stim-
ulate autophagy in cells by liberating Beclin-1 from Bcl-2.102
Stimulating this interaction can be beneficial also because
of the possibility of inducing apoptotic cell death by negating
the anti-apoptotic effects of the Bcl-2-Bax complex. Gossypol
is a polyphenolic aldehyde that works as a pan-Bcl-2 inhibi-
tor.1 Clinical trials have been conducted in patients with
glioblastoma and despite some adverse events (including car-
diac and gastrointestinal disorders), the results are promis-
ing.1%* Another BH3-mimetic drug, ABT-737 has been tested
on various thyroid carcinoma cell lines and has been proven
to cause apoptotic cell death and a synergistic effect with
chemotherapeutic drugs.!% Furthermore, there is an ana-
log of ABT-737 that can be administered orally, ABT-236.
Although the clinical application for our constantly evolving
knowledge about autophagy is within our grasp, there is still
a magnitude of research that needs to be conducted.
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Conclusions

From many years of studies, we have learned a lot about
autophagy and its role in the pathogenesis of certain dis-
eases. As far as our understanding of the molecular pathways
of autophagy is concerned, their relation to cancer seems
to be more profound and sophisticated than initially antici-
pated. We know that it is a housekeeping mechanism of a cell
that decreases chances of neoplastic transformation, but
after malignant transformation, it supports the prolifera-
tion and prosperity of cancer cells. Confirming autophagy
as a mechanism that promotes tumor growth, provides us
with the knowledge to develop new treatment options for on-
cologic patients and brings hope to the idea of curing cancer.
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Abstract

Background. Bronchiectasis is a progressive chronic disease associated with an increased risk of mortality.

Objectives. To identify the prevalence of comorbidities in patients with bronchiectasis and the impact
of these comorbidities on mortality.

Materials and methods. A cohort of 93 patients with computed tomography (CT)-confirmed bronchiec-
tasis admitted consecutively to a tertiary teaching hospital was observed over a period of 5 years. All patients
were carefully observed for comorbidities and mortality.

Results. A total of 43 men (46.2%) and 50 women (53.8%) with a median age of 66.0 years (interquartile
range (IQR) 59.7-74.0 years), and a median of 3 comorbidities at baseline (IQR 1-5) were observed. The mor-
tality rate during the observation period was 16%. The median number of comorbidities was significantly
higher in the group of non-survivors (5 (IOR 3—5.75)) compared with survivors (3 (IQR 1-4); p = 0.0100).
The burden of comorbidities was associated with an increased hazard of death: having 4 or more comorbidities
was associated with an increased risk of death compared to patients with 2 or 3 coexisting illnesses (hazard
ratio (HR) = 1.35 (95% confidence interval (95% (1) [0.41,4.41]); p = 0.0494). The Bronchiectasis Aetiology
Comorbidity Index (BACI) was a significant predictor of death in patients with severe bronchiectasis.

Conclusions. We found a significant number of comorbidities in patients with bronchiectasis. In these
patients, the comorbidity burden has an impact on mortality. The BACl s a useful tool for the clinical assess-
ment of patients with severe bronchiectasis.

Key words: survival, bronchiectasis, comorbidities, mortality
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Background

Bronchiectasis is a progressive chronic disease associ-
ated with an increased risk of mortality. In recent years,
several prospective studies assessing the survival of pa-
tients with non-cystic fibrosis (CF) bronchiectasis have
been conducted. A Turkish study found a 16.3% mortality
rate during 4 years of follow-up.! In the UK, the mortality
rate was 29.7% during 13 years of follow-up,? and a single-
center study in Belgium found a mortality rate of 20.4%
after 5.18 years of follow-up.3

Subsequently, multicenter studies assessing factors af-
fecting mortality allowed for the preparation of complex
tools that help in estimating the risk of death. The FACED
(FEV1, age, Psedomonas aeruginosa colonisation, radiolog-
ical extension, and dyspnoea) score* and the Bronchiecta-
sis Severity Index (BSI)> were thus generated, and they have
proven to be clinically helpful in assessing the individual
risk of death. Recently, the attention has also been directed
to the impact of another factor that significantly affects
the prognosis of bronchiectasis patients: comorbidities.
The occurrence of cardiovascular disease (CVD),° infec-
tions or kidney diseases,” and rheumatological diseases®
increase the mortality of patients with bronchiectasis.

The multiple comorbidities that are frequent in bron-
chiectasis patients and can negatively affect survival,
prompted McDonnell et al. to develop the Bronchiectasis
Aetiology Comorbidity Index (BACI), a new tool prepared
to assess the individual risk of mortality.’

However, studies assessing the impact of comorbidities
on the mortality of bronchiectasis patients are still scarce.
Further research is needed, particularly regarding the vali-
dation of existing clinical prediction scores in independent
prospective studies.

Objectives

In this observational study, our aim was to identify
the prevalence of comorbidities in patients with bronchi-
ectasis and the impact of these comorbidities on mortality.

Materials and methods

This study was performed in the tertiary teaching hospital.
We designed an observational, prospective study involving
a Polish center specialized in the treatment of patients with
non-CF bronchiectasis. During the five-year study (2015—
2019), 100 consecutive patients aged =18 years with a con-
firmed diagnosis of non-CF bronchiectasis were enrolled.

Before being included in the study, all study participants
signed a consent to participate in the study. The study
protocol was reviewed and approved by the research eth-
ics committee of the Institute of Tuberculosis and Lung
Diseases in Warszawa, Poland. All procedures involving

A. Nowiniski et al. Comorbidity and mortality in bronchiectasis

human participants and the written consent submitted
by participants followed the scientific ethical stand-
ards of the 1964 Declaration of Helsinki and its later
amendments.

All patients were assessed according to the current
guidelines of the British Thoracic Society (BTS) and
the European Respiratory Society (ERS). The diagnosis
of bronchiectasis was based on high-resolution computed
tomography (HRCT) scans performed prior to the study.!”
Patients with CF were not included. All participants were
carefully examined for comorbidities. Comorbidity was
defined as a disease coexisting with the primary disease
of interest, as suggested by Sin et al.l! Diagnoses were made
by a group of respiratory and internal medicine special-
ists and were established following the current relevant
international guidelines. Diseases that resolved completely
during the hospital stay were excluded from the assess-
ment. The list of diagnoses for each patient, including
comorbidities, was recorded in an electronic database.

The diseases were counted and grouped into typical
comorbidity groups, as proposed by Charlson et al. inves-
tigating comorbidities in respiratory medicine.'?

The BACI was calculated as proposed by McDonnell et al.?
For the assessment of comorbidities, all physicians were
free to review the patients’ medical files and to order any
additional tests, including radiology and biochemistry tests.

Statistical analyses

Results are expressed as a median quartile range,
as numbers, and as relative frequency (n, %). Dichoto-
mous variables were compared using the x? test. The Kol-
mogorov—Smirnov test was used to check the normality
of variable distribution. As the presented data did not
meet the assumptions for the parametric tests, the Mann—
Whitney U test was used to test the differences between
the dichotomous groups, and the Kruskal-Wallis test was
used to compare more than 2 groups. Survival analysis was
performed with the Kaplan—Meier estimate. The log-rank
test with post hoc Bonferroni correction was used for com-
parisons of the survival curves. Results were considered
to be statistically significant at p < 0.05. The Strengthening
The Reporting of OBservational Studies in Epidemiology
(STROBE) recommendations for observational studies
were followed during protocol preparation.!® All statisti-
cal calculations were performed with MedCalc software
v. 19.1.6 (MedCalc, Ostend, Belgium).

Results

Characteristics of the group
and comorbidities

Initially, 100 unselected consecutive patients with con-
firmed non-CF bronchiectasis were enrolled in the study.
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From this group, 7 patients were excluded due to a lack
of proper written consent, being lost to follow-up, or due
to the withdrawal of consent during the observation period.
Mortality was evaluated in the remaining patients at the end
of the five-year follow-up period. The final assessment in-
cluded a group of 93 patients: 43 men (46.2%) and 50 women
(53.8%) with a median age of 66.0 (59.7-74.0) years.

Table 1. Characteristics of the study group. The data are reported
as median with interquartile range (IQR) or number with prevalence

Cohort (n=93)

Demographics

Age [years] 66.0 (59.7-74.0)
Female sex, n (%) 50 (53.8)
BMI [kg/m?] 259 (21.9-29.6)
Ex-smokers, n (%) 47 (50.5)
Current smokers, n (%) 15 (16.1)
Never smokers, n (%) 31(333)
Etiology
ABPA, n (%) 1(.1)
Alphal antitrypsin deficiency, n (%) 10.1)
Asthma, n (%) 2(2.2)
COPD, n (%) 6 (6.5)
Idiopathic, n (%) 56 (60.2)
IgG subclass deficiency, n (%) 10.1)
Mounier-Kuhn syndrome, n (%) 1(1.1)
Nontuberculous mycobacteria, n (%) 2(2.2)
Postinfective, n (%) 11(11.8)
Post-tuberculous, n (%) 9(9.7)
Primary ciliary dyskinesia, n (%) 1(1.1)
Yellow nail syndrome, n (%) 2(2.2)
BSI score risk class
Mild, n (%) 28 (30.1)
Moderate, n (%) 28 (30.1)
Severe, n (%) 37 (39.8)
Clinical status
Sputum volume [mL/day] 10 (10-20)
MRC dyspnea score [points] 2(1-2)
Exac¢rbations n}ot requiring secondary 1(0-2)
care in the previous year, n
;—\éaltre/anst(%)hospitalization in the previous 46 (49.5)
Functional status
FEV;, % predicted 79.8 (53.7-98.6)
Microbiology
P aeruginosa infection, n (%) 12(12.9)
Comorbidity burden
Number of comorbidities at baseline, n 3(1-5)
Number of comorbidities range, n 0-8

BMI - body mass index; COPD - chronic obstructive pulmonary disease;
TB - tuberculosis; ABPA - allergic bronchopulmonary aspergillosis;

BSI - bronchiectasis severity index; MRC — Medical Research Council;
FEV; — forced expiratory volume in 1 s; P. aeruginosa — Pseudomonas
aeruginosa; 1gG — immunoglobulin G.
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Table 2. Most prevalent comorbidities in the study group

Comorbidity | Number of patients | Prevalence (%)
Cardiovascular diseases 61 65.5
COPD 48 516
Hypertension 32 344
Asthma 25 269
Obesity 22 236
Coronary heart disease 18 194
Diabetes 16 17.2
Cancer/neoplasm 12 129
Congestive heart failure 12 129
Chronic respiratory failure 11 11.8
Osteoporosis 9 9.7
Tuberculosis in anamnesis 9 9.7
Chronic atrial fibrillation 8 8.6
Pulmonary hypertension 7 75
Anxiety/depression 7 7.5
Anemia 5 54
Chronic renal disease 4 43
Liver cirrhosis 3 32
Other arrhythmia 2 22
Aortic aneurysm 1 1.1
Sarcoidosis 1 1.1

COPD - chronic obstructive pulmonary disease.

The anthropometric data and comorbidities of the pa-
tients are shown in Table 1 and Table 2, respectively.

The group consisted predominantly of middle-aged
Caucasians with a median forced expiratory volume in 1s
(FEV1%) predicted of 79.8% (53.7-98.6%). The 3 BSI groups
were evenly represented: 28 (30.1%) patients displayed mild
bronchiectasis, 28 (30.1%) had moderate symptoms and
37 patients (39.8%) had severe symptoms. Bronchiectasis
was considered idiopathic in most of the patients (60.2%),
but it was classified as post-tuberculosis bronchiectasis
in 9.7% of patients. Other, less common causes of bronchi-
ectasis were identified in the remaining patients.

Half of the patients required hospital treatment
in the previous year. Twelve patients (12.9%) were chroni-
cally colonized with Pseudomonas aeruginosa. The median
number of comorbidities at baseline in the whole group
was 3 (interquartile range (IQR) 1-5).

Mortality

The total observation period in our group was 50 months,
but because patients were enrolled consecutively
in the study, the median follow-up period for the whole
group was 31.0 (IQR 18.5-42.0) months. During the obser-
vation period, 15 patients died (16.1%). The median survival
period in non-survivors was 14.0 (IQR 5.2-23.0) months,
with a range of 2.0-46.0 months. The median follow-up
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Fig. 1. Kaplan—Meier survival curves demonstrating the survival
of patients with non-cystic fibrosis bronchiectasis, with and without
Pseudomonas aeruginosa infection
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Fig. 2. Kaplan—Meier survival curve showing the survival rates
of bronchiectasis patients with different number of comorbidities

for the survivors was 33.0 (IQR 23.0—43.0) months, with
a range of 2.0—49.0 months.

The Kaplan—Meier survival curves for the whole group
are shown in Fig. 1. The survival curves of patients col-
onized with P. aeruginosa and those not colonized are
shown separately because the colonization by P. aeruginosa
is known to affect the survival.

The number of patients who tested positive for P. aerugi-
nosa was small (n = 12, 12.9%), and the comparison of sur-
vival curves between infected and non-infected patients
showed that the difference was not statistically significant
(p = 0.1586, log-rank test, x> = 1.9878). The hazard ratio
(HR) for death in the group with P. aeruginosa infection was
2.86 (95% confidence interval (95% CI) [0.66, 12.35]) when
compared with the group without P. aeruginosa infections.

The median number of comorbidities was significantly
higher in the group of non-survivors (5 (IQR 3-5.75)) than
in the group of survivors (3 (IQR 1-4); p = 0.0100, Mann—
Whitney U test, U = 341.5).

A. Nowiniski et al. Comorbidity and mortality in bronchiectasis

Although the total number of deaths was relatively
low, and therefore comparisons are difficult, the burden
of comorbidities was associated with an increased haz-
ard of death. Having 4 or more comorbidities was associ-
ated with an increased risk of death (HR = 1.35 (95% CI
[0.41, 4.41])) compared with patients with 2 or 3 coexisting
illnesses (p = 0.0494; for HR test, Fig. 2).

BSI and BACI scores

The comparison of the patients’ survival curves, grouped
according to the BSI score risk classes did not show sta-
tistically significant differences between the groups
(p = 0.9682, log-rank test, x? = 0.0645). During the obser-
vation period, 15 patients died. In this group of non-survi-
vors, 4 patients had a BSI score in the range of 0—4 points,
4 patients in the range of 5-8 points and 7 patients had
ascore over 9 points. The death HR for patients with a BSI
score in the range of 0—4 points was similar to that of pa-
tients with a BSI score of more than 9 points (HR = 1.16
(95% CI [0.34, 3.91]); p = 0.9176; for HR test (Fig. 3)).
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Fig. 3. A. Kaplan—Meier survival curves showing the probability of survival
in bronchiectasis patients grouped according to the Bronchiectasis
Severity Index (BSI) risk classes; B. The number of comorbidities against
the Bronchiectasis Severity Index (BSI) risk classes. The asterisk indicates

a statistically significant difference between the groups joined by the line
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A significant, although moderate relationship was ob-
served between the median number of comorbidities
and the BSI score. Patients with a BSI score in the “mod-
erate” category had a statistically significantly higher
number of comorbidities than patients with a BSI score
in the “mild” category (p = 0.0367, Kruskal-Wallis test)
(Fig. 3, Supplementary Table 1).

The BACI index classes were analyzed across the survival
data. While a high risk BACI score suggested an increased
risk of death, this parameter did not reach statistical signif-
icance while considering the whole study group (HR = 1.69
(95% CI [0.24, 11.62]); p = 0.4352 for HR test). However,
when the analysis of the BACI index classes was conducted
in the group of patients with the most severe bronchiec-
tasis symptoms (BSI severe class), the BACI was found
to be a significant predictor of death (HR = 7.5 (95% CI
[1.57, 36.29]); p = 0.0433 for HR test) (Fig. 4).
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Fig. 4. Kaplan-Meier survival curve showing patient survival against
the Bronchiectasis Aetiology Comorbidity Index (BACI) risk classes
in the group of patients with severe Bronchiectasis Severity Index (BSI)

Discussion

The 1** and main finding from this single-center longi-
tudinal prospective study was the impact of the comor-
bidity burden on mortality in non-CF bronchiectasis.
The 2" finding was the usefulness of the BACI in the prog-
nosis assessment of bronchiectasis patients, which agrees
with the previous observations from a multicenter trial.’
The 3 finding was the usefulness of a simple counting
of comorbidities in the prediction of the five-year mortality
risk in bronchiectasis patients.

Mortality in bronchiectasis

In our study, we found a 16% mortality rate over
a 50-month follow-up period. These results are consistent
with other studies. Onen at al. found that 16.3% of pa-
tients died during an observation period of 44.6 months.
The survival rates they observed at 1, 2, 3, and 4 years were
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97%, 89%, 76%, and 58%, respectively.! Loebinger et al.
reported survival rates of 91% at 4 years, 83.5% at 8.8 years
and 68.3% at 12.3 years.?

In a multicenter study by Chalmers et al., there were
62 deaths in over 4 years (10.2%) in a cohort of 608 patients.
In another multicenter study, the overall mortality after
1,2, 3, and 5 years of follow-up was 3.7%, 4.8%, 8.6%, and
12.4%, respectively.®

Our study was a single-center observational study. There-
fore, before assessing our results in the context of mortal-
ity, we should evaluate whether our study group is similar
to other described groups. Our group of patients is com-
parable to the abovementioned cohorts in terms of age, sex
distribution, the etiology of bronchiectasis, and the func-
tional respiratory parameters, such as FEV,% predicted.
Numerous observational studies have reported that colo-
nization with P. aeruginosa significantly affects the prog-
nosis of bronchiectasis patients by increasing the mortality
rate.”>!* In our study, 12.9% of patients were colonized with
P. aeruginosa, which is a slightly smaller percentage com-
pared to other analyzed cohorts. For example, Chalmers
etal. and Pasteur et al. reported a 20-40% prevalence of P.
aeruginosa in UK cohorts.>!> We observed a possible effect
of colonization by P. aeruginosa. However, the difference
in survival rates between the colonized and non-colonized
groups was not statistically significant. One reason for
this could be the small size of the study group. Another
possible explanation is the low percentage of colonized
patients in our group, which could be due to geographi-
cal differences in the distribution of the microorganism.'

The number and type of comorbidities

We found a significant number of comorbidities in the study
group, with a significantly higher number in the group of non-
survivors than in the group of survivors. This observation
is consistent with the study by McDonnell et al.,” who re-
ported that even a simple count of the number of comor-
bidities has some importance in estimating the risk of death
in bronchiectasis patients. Moreover, we found that the risk
of death increased significantly with the number of comor-
bidities: patients with 4 or more comorbidities had a 35%
higher risk of death than patients with 2 or 3 comorbidities.

The number and type of comorbidities in our group
of patients is consistent with those described by other
research groups. The most frequent comorbidity in our
patients was the CVD. It occurred in 65% of patients, which
is similar to the previous observations by other research
groups.'”1® By analogy with chronic obstructive pulmo-
nary disease (COPD), another important bronchial dis-
ease, the chronic inflammation in bronchiectasis could
result in an increased risk of the CVD through the “spill-
over” of inflammatory factors from the bronchial tree into
the bloodstream.?

In our study, a significant percentage of patients with
bronchiectasis were also diagnosed with COPD (51.6%).
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There is an ongoing discussion regarding the relation-
ship between COPD and bronchiectasis,?*?! and statistical
analyses sometimes give divergent results. In our study,
the reason for the frequent coexistence of bronchiectasis
and COPD may be local Polish conditions, which are linked
to the socioeconomic factors. In Poland, diagnosing COPD
allows doctors to prescribe cheaper drugs with better reim-
bursement for patients, thereby prompting doctors to di-
agnose COPD more often in patients with bronchiectasis.

The incidence of other comorbidities does not differ
significantly from the observations of other researchers,
both in retrospective and prospective studies.>’

Outcome prediction tools - BSI and BACI

We did not find any statistically significant relation-
ship between the severity of bronchiectasis assessed with
the BSI and an increased risk of death. Others have reported
the BSI to be a good parameter to estimate the risk of death
in bronchiectasis patients, but the analysis of the Kaplan—
Meier curves in our study did not confirm these results.
This may be due to the small size of our study group and
the relatively low number of deaths we observed. It may
also be a confirmation of the important role that comor-
bidities play in the increasing the risk of death in bronchi-
ectasis patients. This observation seems to be confirmed
by the BACI scale analysis.

Despite our small group size, we found that patients with
severe bronchiectasis and high BACI classes had an increased
risk of death compared to the patients with a severe BSI as-
sessment but a lower number and severity of comorbidities.
In our opinion, this confirms the usefulness of the BACI
in the clinical assessment of patients with bronchiectasis.

Limitations

This study was not designed as an epidemiological study.
Therefore, the overall results of bronchiectasis mortality
in our group should be assessed in the context of the study
setting. Nevertheless, bronchiectasis requires a multi-
dimensional assessment; coexisting illnesses should be
carefully treated in all affected patients. New tools, such
as the BSI, FACED and BACI, may prove useful for the clin-
ical assessment of bronchiectasis patients.

Conclusions

We found a significant number of comorbidities in pa-
tients with bronchiectasis. The comorbidity burden has
an impact on mortality in patients with bronchiectasis.
The Bronchiectasis Aetiology Comorbidity Index (BACI)
is a useful tool for the clinical assessment of patients with
severe bronchiectasis.

Supplementary Table 1. Number of comorbidities against severity of bronchiectasis expressed in Bronchiectasis Severity Index (BSI) results (mild,

moderate, severe)

A. Kruskal-Wallis test

Number of comorbidities

Factor codes

Sample size

BSI categories
93

B. Descriptive statistics

BSI category | n | Minimum 25t percentile 75t percentile Maximum

Mild 28 0.0000 1.000 3.000 3.000 6.000

Moderate 28 0.0000 3.000 3.500 6.000 7.000

Severe 37 0.0000 1.000 3.000 5.000 8.000
C. Kruskal-Wallis test

Test statistic 6.4395

Corrected for ties 6.6088

Degrees of freedom (df) 2

Significance level p=0.036720

D. Post hoc analysis (Conover)

BSI category

Average rank

Different (p < 0.05)

Mild 28 37.93
Moderate 28 56.23
Severe 37 46.88

from factor No.
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Supplementary Table 2. Comorbidities summary statistics in the whole
group

A. Comorbidities summary

Variable | Comorbidities, n
Sample size 93
Lowest value 0.0000
Highest value 8.0000
Arithmetic mean 3.2043

95% confidence interval (95% Cl) for

the arithmetic mean 7ies )

Median 3.0000
95% Cl for the median [3.0000, 3.0000]
Variance 43165
Standard deviation (SD) 2.0776
Relative standard deviation 0.6484 (64.84%)
Standard error of the mean (SEM) 0.2154

Coefficient of skewness 0.2710 (p = 0.2685)
—0.7375 (p = 0.0348)

D=0.1521

Coefficient of kurtosis

Kolmogorov-Smirnov test?

for normal distribution reject normality (p < 0.0001)

2 Lilliefors significance correction.

B. Distribution of the number of comorbidities

Median number

Percentiles of comorbidities 95% confidence interval (95% Cl)
25 0.0000 =

5 0.0000 [0.0000, 0.6356]

10 0.8000 [0.0000, 1.0000]

25 1.0000 [1.0000, 2.0000]

75 5.0000 [4.0000, 6.0000]

90 6.0000 [6.0000, 7.0000]

95 6.8500 [6.0000, 8.0000]

97.5 7.1750 -
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Abstract

Background. The ST-segment is part of the electrocardiogram and physiologically, it forms an isoelectric
line. The ST-segment depression is often observed in young, healthy people with paroxysmal tachycardia
with narrow QRS complexes. In this group of patients, the ‘mysterious tachycardia-induced ST-segment
depression’, ‘subendocardial myocardial ischemia” and other not fully understood terms are used to explain
this phenomenon.

Objectives. To assess the presence and possible mechanisms of ST-segment depression during atrioventricu-
lar nodal reentrant tachycardia (AVNRT) in patients undergoing radiofrequency (RF) ablation of the underlying
arrhythmia.

Materials and methods. The study included 50 patients (35 women and 15 men) aged about 49 years
with clinically relevant paroxysmal narrow QRS complex tachycardia. During electrophysiological study (EPS),
all patients had measured QRS components — QR, RS and R during the tachycardia and during the sinus
rhythm. Al of the measurements were done in lead V5.

Results. There was a statistically significant difference in cycle length during sinus rhythm and tachycardia
(7070 +137.8 ms compared to 327.5 £29.1 ms, p = 0.000), the RJ component (0.819 £0.381 mV compared
100.878 +0.376 mV, p = 0.003) and the difference RJ-QR (0.0810.083 mV compared to 0.163 +0.108 mV,
p = 0.000). The differences in RS and QR components during sinus rhythm and tachycardia did not reach
the statistical significance. The difference RJ-QR during tachycardia correlated negatively with tachycardia
cycle length (R = —0.39, p = 0.0049). The tachycardia cycle length correlated positively with the age
of the studied patients (R = 0.28, p=0.043).

Conclusions. In patients with AVNRT, there is a ST-segment depression during the episodes of tachycardia
and the degree of this change is related to tachycardia cycle length. The most probable explanation of the ST-
segment depression is the overlap of the QRS complex on the preceded T wave. Some intrinsic properties
of individual electrocardiogram (ECG) also influence this phenomenon. The ischemic origin of the presented
ST-segment change can be excluded.

Key words: tachycardia, AVNRT, ST-segment depression
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Background

The ST-segment is a part of the electrocardiogram lo-
cated between the QRS complex and the T wave. There
are 2 types of ST-segment changes. First ones, depending
on repolarization, appear in the absence of depolariza-
tion changes of the action potential.l2 The causes may
include ischemia, myocarditis, drugs and electrolyte dis-
turbances.>* The secondary changes of ST-segment are
related to the depolarization phase aberrations. They are
present in bundle branch blocks, ventricular pre-excitation
and ventricular QRS complexes including pacing. The ST-
segment changes constitute part of electrocardiogram
(ECQ) assessment for myocardial ischemia; therefore,
it is important to understand causes leading to the in-
correct interpretation and diagnosis.>® The ST-segment
changes could be observed in people with paroxysmal
narrow QRS complex tachycardia, with no overt evidence
of an ischemic heart disease.””*

In the atrioventricular nodal reentrant tachycardia
(AVNRT), we are concerned with a retrograde P wave,
which occurs within the QRS complex. Our hypothesis is
that if the tachycardia is rapid enough, the QRS complex
follows the preceded T wave, which in turn changes the ref-
erence point by raising the isoelectric baseline. An example
of such changes is presented in Fig. 1.

Objectives

The purpose of the study was to assess the presence and
possible mechanisms of ST-segment depression during
AVNRT in patients undergoing radiofrequency (RF) abla-
tion of the underlying arrhythmia.
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Materials and methods

The study included 50 patients (35 females and 15 males)
approx. 49 years old, presenting with a clinically rele-
vant paroxysmal tachycardia. In all studied individuals,
the electrophysiological testing was performed, the diag-
nosis of AVNRT was established and the arrhythmia was
successfully eliminated through RF ablation. The clinical
and demographic characteristics, as well as laboratory tests
are presented in Table 1.

Table 1. Clinical, demographic and biochemical characteristics of studied
patients

Parameters | Mean/number | SD/%
Age [years] 49.1 14.2
Sex (female) 35 70.0
Hypertension 22 44.0
Diabetes mellitus 8 16.0
Heart failure 1 20
Ischemic heart disease 2 4.0
Hemoglobin [g/dL] 14.0 14
K+ [mmol/L] 44 04
Glucose [mg/dL] 101.9 16.5
TSH [mIU/L 1.644 0918

SD - standard deviation; TSH — thyroid-stimulating hormone.

During electrophysiological study (EPS), the cycle
length of the sinus rhythm and tachycardia, as well
as the amplitudes of QRS components — QR, RS and
R]J during the tachycardia and during the sinus rhythm
with a paper speed of 200 mm/s and an enhancement
of x64—-128 were measured. The described measurements
of the particular QRS components in an exemplary pa-
tient with a pronounced ST-segment depression are de-
picted in Fig. 2.

Fig. 1. The example
of ST-segment
depressions during
atrioventricular nodal
reentrant tachycardia
(AVNRT) in selected
electrocardiogram
(ECG) leads in 40-year-
old male (CL - 279 ms,
delta STin lead

V5 = 0.641 mV).

Paper speed 50 mm/s
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Fig. 2. Measurements of the particular QRS components in an exemplary
patient. Panel A: sinus rhythm QR - 1.26 mV, RJ - 1.46 mV, RJ-QR - 0.20 mV,
panel B: tachycardia QR - 1.21 mV, RJ - 1.59 mV, RJ-QR - 0.38 mV

Statistical analysis

The statistical analysis was performed using the com-
puter program STATISTICA v. 13.3 (StatSoft Inc., Tulsa,
USA). For quantitative variables, basic descriptive sta-
tistics were calculated and the compliance of their dis-
tributions with the theoretical normal distribution was

0,8
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checked using the Shapiro—Wilk W test. Comparisons
were performed with the Wilcoxon signed-rank test for
dependent groups. The correlations between the studied
parameters were performed using Spearman’s rank cor-
relation coefficient. A value of p < 0.05 was considered
significant.

The study was approved by the local Bioethical Com-
mittee at Wroclaw Medical University (approval No. KB
213/2020).

Results

The electrocardiographic measurements in sinus rhythm
and tachycardia are presented in Table 2.

The tachycardia-related changes in patients with AVNRT
include the elevation of the reference point as indicated
by a diminished QR amplitude, as well as by the depres-
sion of the ] point. This influenced the difference RJ-QR
resulting in the ECG ST-segment depression.

The difference RJ-QR during tachycardia negatively
correlated with the tachycardia cycle length (R = -0.39,
p = 0.0049). This relationship is depicted in Fig. 3.

Table 2. Electrocardiographic parameters in sinus rhythm and
atrioventricular nodal reentrant tachycardia (AVNRT)

Parameters

Sinus rhythm

Tachycardia p-value

Cycle length [ms] 707.0£137.8 327.5+29.1 0.000
QR [mV] 0.738 £0.315 0.715 £0.289 0.143
RS [mV] 0.982 £0.385 1.007 £0.386 0.375
RJ [mV] 0.819 £0.381 0.878 £0.376 0.003
RJ-QR [mV] 0.081 £0.083 0.163 £0.108 0.000

Fig. 3. Negative correlation between

0,6

RJ-QR Tachycardia (mV)

the RJ-QR difference during tachycardia and
the tachycardia cycle length

-04

Tachycardia cycle (ms)

260 280 300 320 340 360

380 400
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Fig. 4. Positive correlation between the tachycardia
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The tachycardia cycle length positively correlated with
the age of the studied patients (R = 0.28, p = 0.043), as de-
picted in Fig. 4.

To examine the individual intrinsic properties of ECG,
the correlation between RJ-QR in sinus rhythm and
RJ-QR in tachycardia was assessed. Those parameters
correlated with each other at high statistical significance
(R =0.8, p=0.000), as depicted in Fig. 5.

No correlation between the degree of ST-segment
changes and the age of the studied subjects was revealed.
The gender of the patients did not affect the studied pa-
rameters, nor did the laboratory parameters and comor-
bidities. The age distribution curve of the studied patients
was consistent with the Gaussian distribution.

0,20 0,25

Discussion

In patients with paroxysmal supraventricular tachy-
cardias, the ST-segment depression is a common finding.
At first glance, ST-segment depression is an ischemia-
related change. Petsas et al. assessed the role and signifi-
cance of the ST-segment depression in supraventricular
tachycardia in terms of the coexistence of a myocardial
ischemia, utilizing an exercise test. Fifteen out of 16 sub-
jects with ST-segment depression during supraventricular
tachycardia had no changes on tests.!? In another study,
the concentration of troponin I and ST-segment depres-
sion were taken as indicators for myocardial damage. Non-
invasive examinations (myocardial scintigraphy, exercise
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echocardiography and exercise test) and coronary angiog-
raphy were used for confirmation. The authors concluded
that elevated troponin I levels and the ST-segment depres-
sion are not significant markers of myocardial damage
in patients with paroxysmal tachycardia.!!

In many studies, the duration of an arrhythmia episode
is not associated with an increase in troponins. However,
in the case of longer-lasting tachycardia, the instabil-
ity of the circulation may occur, resulting in troponin
release !2-1

During the exercise-related sinus tachycardia, there
is a gradual QT-interval shortening, which is associated
with adrenergic activation. It is not a linear process, but
according to the latest research there is a type of hysteresis
in which, when accelerating, the heart shortens the QT-
interval depending on the heart rate, first slowly, then
increasingly faster. After the exertion, the QT-interval
lengthens more slowly at first, then it gets faster until
it returns to the primary duration. This phenomenon oc-
curs because of the slow responsiveness of QT-interval
to changes in the heart rate.!>® The patient’s gender also
constitutes an important aspect that may affect the QT
length. It has been proven that women of a given age have
a significantly longer corrected QT-interval than men.
Additionally, the correlation between the change in the QT-
interval and a patient’s age was demonstrated. The older
the patient is, the shorter the QT-interval gets.1”18

The activation of the sympathetic system leads to the ac-
celeration of the heart rate, decrease of the PR interval,
the ST-segment depression and, in some cases, to the inver-
sion of the T waves, while the parasympathetic activation
slows down the heart rate and elevates the ST-segment."
It was also observed in some healthy people. Their base-
line ECG was showing slight changes in the ST-segment
(<1 mm), often referred to as nonsignificant. This is in line
with our results, as the initial J-point depression correlated
with depression during tachycardia.

The ST-segment changes could be caused by projection
of the retrograde P wave onto the ST-segment, more com-
mon in patients with atrioventricular reentrant tachycar-
dia, due to longer ventriculoatrial interval (usually exceed-
ing 100 ms). In AVNRT, the interval is usually below 70 ms,
affecting only the QRS complex.?

The most probable explanation
of the findings

In our study group, the myocardial ischemia was un-
likely to occur, due to the short-lasting arrhythmia par-
oxysms, relatively young age of the subjects and lack
of patients’ complaints. In AVNRT, the overlapping of ret-
rograde P waves could not be explained. The most prob-
able reason of the ST change is the overlapping of R wave
on the preceded T wave with shortening of QT-interval
with tachycardia, and something that could be referred
to as intrinsic characteristics of ECG. This combination
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might be explained by our results: a decrease of the ampli-
tude of the QR component concomitantly with an increase
of the R] component, and a strong correlation between
initial RJ-QR and tachycardia RJ-QR differences. Those
conclusions are further supported by the correlation be-
tween the ST-segment depression and the tachycardia cycle
length, as well as by the correlation between this last pa-
rameter and the age. As the tachycardia gets slower with
age while the ST-depression is not related to age, the ST-
segment depression in those settings is purely electrocar-
diographic and not an ischemic one.

Limitations

The study is observational, hence the causality cannot
be directly derived from the results. The study group was
relatively small. The mechanisms of ST-segment depres-
sion could also be different across the age groups. All these
factors could have influenced the obtained results. Never-
theless, it does not make our conclusions less important.

Conclusions

1. In patients with AVNRT, the ST-segment is lowered
during the episodes of tachycardia, and the degree of this
change is related to the tachycardia cycle length.

2. The most probable explanation of the ST-segment de-
pression is the overlapping of the QRS complex on the pre-
ceded T wave.

3. Some intrinsic properties of an individual ECG have
been observed to be influential in this aspect.
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