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Streszczenie 

Osteoporoza starcza jest najczęstszą chorobą kości występującą u pacjentów  

w podeszłym wieku. Zachorowalność na osteoporozę starczą rośnie w dramatycznym tempie 

ze względu na postępujące starzenie się społeczeństw. Co więcej, specjaliści szacują, 

że w ciągu kolejnych 50 lat osteoporoza osiągnie skalę światowej epidemii, a obecne metody 

leczenia są niewystarczające. Rozwój osteoporozy starczej związany jest z zaburzeniem 

równowagi między aktywnością komórek kościotwórczych i kościogubnych, a także 

z pogorszeniem potencjału regeneracyjnego szpikowych komórek macierzystych (BMSCs). 

Z tego powodu, poszukiwane są nowe metody terapeutyczne, których celem jest 

odtworzenie homeostazy w obrębie tkanki kostnej oraz przywrócenie potencjału 

regeneracyjnego komórek pacjenta. Przykładem takich terapii, są strategie oparte 

o wykorzystanie małych niekodujących RNA (miRNA) - zarówno jako narzędzi jak i celów 

terapeutycznych. Dotychczas przebadano szeroką gamę cząsteczek miRNA, do których 

należy miR-21-5p. Udowodniono, że cząsteczka miR-21-5p może odgrywać istotną rolę 

w przebudowie tkanki kostnej, ale nie zbadano dotychczas jej wpływu na mechanizmy 

molekularne zaangażowane w regulację aktywności komórek kościotwórczych 

i kościogubnych oraz utrzymanie wysokiej aktywności proliferacyjnej i metabolicznej 

komórek o fenotypie starczym.  

Celem pracy doktorskiej było zatem zbadanie roli cząsteczki miR-21-5p w regulacji 

aktywności komórek tkanki kostnej o charakterze starczym w kontekście projektowania 

terapii celowanych ukierunkowanych na przywrócenie potencjału regeneracyjnego 

pacjentów chorujących na osteoporozę starczą. 

Badania w ramach pracy doktorskiej zostały przeprowadzone z wykorzystaniem 

modelowych linii komórkowych MC3T3-E1, 4B12 oraz BMSCs izolowanych z myszy 

zdrowych szczepu BALB/c i unikalnego modelu myszy osteoporotycznych szczepu 

SAM/P6. Badania obejmowały analizy in vitro, ex vivo, a także in vivo. W trakcie badań 

za pomocą technik biologii molekularnej oceniono zaangażowanie cząsteczki miR-21-5p 

w kształtowaniu aktywności proliferacyjnej, metabolicznej i regeneracyjnej komórek. 

Kluczowym elementem badań było wskazanie szlaków molekularnych modulujących 

kościotwórczy potencjał komórek. Szczególną uwagę poświęcono szlakom 

RANKL/OPG/RANK oraz RUNX-2/TRAP. Ekspresję mRNA i miRNA analizowano 

przy pomocy techniki RT-qPCR, a akumulację białek za pomocą techniki Western Blot. 

Aktywność metaboliczną określano z wykorzystaniem technik opartych o cytometrię 

przepływową, a morfologię i ultrastrukturę komórek oceniano za pomocą mikroskopii 
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konfokalnej, elektronowej mikroskopii skaningowej (SEM) oraz technik 

immunocytochemicznych (ICC).  

Wyniki prowadzonych badań wykazały istotny wpływ cząsteczki miR-21-5p 

na aktywność komórek kościotwórczych i kościogubnych. Cząsteczka miR-21-5p brała 

czynny udział w regulacji potencjału wydzielniczego komórek kościotwórczych 

oraz w dojrzewaniu komórek kościogubnych poprzez szlak RANKL/OPG/RANK. 

Jednocześnie potwierdzono, że BMSCs izolowane od myszy osteoporotycznych szczepu 

SAM/P6 charakteryzowały się upośledzonym potencjałem regeneracyjnym i zaburzonymi 

procesami metabolicznymi. Wykazano jednak, że cząsteczka miR-21-5p może być 

czynnikiem wzmagającym potencjał regeneracyjny BMSCs o fenotypie starczym. Komórki 

BMSCSAM/P6 poddane działaniu miR-21-5p charakteryzowały się przywróconą zdolnością 

do tworzenia wysoko zmineralizowanej macierzy zewnątrzkomórkowej w warunkach  

ex vivo i in vivo. Dodatkowo zaobserwowano, że pod wpływem zwiększenia ekspresji 

miR-21-5p, komórki izolowane od myszy osteoporotycznych przejawiały istotne zmiany 

w aktywności metabolicznej i w dynamice sieci mitochondrialnej. Zwiększona ekspresja  

miR-21-5p w BMSCs korelowała ze zwiększoną ekspresją cząsteczek odpowiedzialnych 

za kościotoworzenie (RUNX, OPG, miR-7a-5p) oraz z obniżeniem ilości transkryptów 

powiązanych z resorpcją tkanki kostnej (TRAP, CTSK, miR-17-5p). 

Badania zaprezentowane w ramach pracy doktorskiej wykazały, że cząsteczka 

miR-21-5p posiada wysoki potencjał terapeutyczny i może znaleźć zastosowanie 

w projektowaniu efektywnych terapii celowanych, ukierunkowanych na leczenie 

osteoporozy starczej i zależnej od niej złamań kości.  
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Streszczenie w języku angielskim 

Senile osteoporosis is the most common bone disease in elderly patients. 

The incidence of senile osteoporosis is increasing dramatically due to the progressive aging 

of population. What's more, experts estimate that within next 50 years osteoporosis will 

reach the scale of a global epidemic, while the present therapeutic methods are insufficient. 

Its development is associated with the imbalance between the activity of osteoblasts 

and osteoclasts, as well as with the deterioration of the regenerative potential of bone marrow 

stem cells (BMSCs). For this reason, new therapeutic methods are investigated that will 

reconstruct homeostasis within the bone tissue and restore the regenerative potential 

of the patient's cells. An example of such therapies are strategies based on the use of small 

non-coding RNAs (miRNAs) - both as therapeutic tools and targets. Recently, miR-21-5p 

has been shown to play an important role in bone remodelling, but its molecular mechanisms 

that modulate the activity of osteoblasts and osteoclasts, as well as maintain high activity 

of cells with senile phenotype have not been yet determined.  

Therefore, the aim of this doctoral thesis was to investigate the role of the miR-21-5p 

in the regulation of the activity of senile bone tissue cells for designing targeted therapies 

aimed at restoring the regenerative potential of patients suffering from senile osteoporosis. 

The research was carried out using the MC3T3-E1 and 4B12 cell lines, as well as 

BMSCs isolated from healthy BALB/c mice and a unique model of osteoporotic SAM/P6 

mice strain. The studies included in vitro, ex vivo and in vivo analyses. During the study, 

the involvement of the miR-21-5p molecule in the proliferative, metabolic and regenerative 

activity of cells was assessed using molecular biology techniques. The crucial part 

of the research was to identify molecular pathways that regulate the bone-forming potential 

of cells. Particular attention was paid to the RANKL/OPG/RANK and RUNX-2/TRAP 

pathways. mRNA and miRNA expression were analysed by RT-qPCR and protein 

accumulation was assessed by Western Blot. Metabolic activity was determined using 

techniques based on flow cytometry, and cell morphology and ultrastructure were assessed 

using confocal microscopy, scanning electron microscopy (SEM) 

and immunocytochemistry (ICC) techniques. 

The results indicate a significant impact of the miR-21-5p in the regulation 

of the activity of osteoblasts and osteoclasts. The miR-21-5p was actively involved 

in the regulation of paracrine activity of osteoblasts and in the maturation of osteoclasts 

via the OPG/RANKL/RANK pathway. Simultaneously, it was confirmed that BMSCs 

isolated from osteoporotic SAM/P6 mice were characterized by impaired regenerative 
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potential and deteriorated metabolic activity. It has been proven that miR-21-5p reconstructs 

the lost regenerative potential of senile BMSCs. After the miR-21-5p upregulation, 

cells were characterized by a restored ability to form a highly mineralized extracellular 

matrix under ex vivo and in vivo conditions, as well as by significant changes in the metabolic 

activity and dynamics of the mitochondrial network. Upregulated expression of miR-21-5p 

in BMSCs correlated with enhanced expression of molecules responsible for osteogenesis 

(RUNX, OPG, miR-7a-5p), and decreased level of transcripts associated with bone 

resorption (TRAP, CTSK, miR-17-5p). 

The presented research showed that miR-21-5p possesses a high therapeutic potential 

and can be used in the design of effective targeted therapies aimed at treating senile 

osteoporosis and related bone fractures.  
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1. Wstęp 

Osteoporoza jest złożoną chorobą dotykającą układ kostny. Ze względu na etiologię 

wyróżnia się dwie podstawowe formy tej choroby: osteoporozę pierwotną i osteoporozę 

wtórną. Osteoporoza pierwotna obejmuje trzy kategorie: osteoporozę młodzieńczą, 

postmenopauzalną i starczą, które związane są z naturalnymi zmianami gospodarki 

hormonalnej i zmianami potencjału regeneracyjnego w procesie dojrzewania i starzenia 

się organizmu. Osteoporoza wtórna jest natomiast wywołana dużą liczbą chorób 

towarzyszących i przyjmowanych leków. Częstość występowania osteoporozy pierwotnej 

jest większa niż osteoporozy wtórnej, natomiast osteoporoza związana z wiekiem 

i starzeniem się organizmu (osteoporoza starcza) stała się jednym z najbardziej istotnych 

problemów zdrowotnych na świecie.1 Według najnowszych raportów zaprezentowanych 

przez Światową Organizację Zdrowia (WHO) oraz International Osteoporosis Foundation 

(IOF), osteoporozę diagnozuje się u ponad 50% kobiet w wieku menopauzalnym, 

30% kobiet w wieku starczym (powyżej 75. Roku życia) oraz u 20% mężczyzn. Obecnie 

osteoporozą dotkniętych jest ponad 200 milionów kobiet na całym świecie.2 Szacuje się 

także, że ze względu na szybki rozwój społeczeństw, do 2050 roku liczba złamań kości 

związanych z osteoporozą wzrośnie o około 310% u mężczyzn i 240% u kobiet  

w porównaniu do lat 90 XX wieku.3 Według raportu przedstawionego przez National Bone 

Health Alliance, 16.9% mężczyzn i aż 29.9% kobiet powyżej 50. roku życia spełnia 

najnowsze kryteria diagnostyczne warunkujące rozpoznanie osteoporozy, do których należy 

tzw. T-score. Osteoporozę diagnozuje się, jeśli współczynnik ten przyjmuje wartość ≤ 2.5 

w odcinku lędźwiowym kręgosłupa, szyjce kości udowej lub całym biodrze na podstawie 

badania gęstości mineralnej kości (BMD - ang. bone mineral density index). Powyżej 

80. roku życia takie kryteria spełnia obecnie 46.3% mężczyzn i 77.1% kobiet.4 Wartym 

odnotowania jest fakt, że pacjenci cierpiący z powodu złamań kości, u podstawy których 

leży osteoporoza starcza, znajdują się w stanie permanentnego zagrożenie życia.5 

Te alarmujące dane jednoznacznie wskazują, że osteoporoza starcza przybiera charakter 

globalnej epidemii oraz staje się narastającym problemem zdrowotnym i społeczno-

ekonomicznym, zwłaszcza w wysoko rozwiniętych i starzejących się społeczeństwach. 

Najważniejszym czynnikiem wpływającym na rozwój osteoporozy jest zaburzenie 

homeostazy immunometabolicznej w obrębie tkanki kostnej, a w szczególności w procesie 

jej przebudowy. Brak równowagi między regeneracją i resorpcją tkanki kostnej prowadzi 

do stopniowej utraty masy kostnej, co powoduje upośledzenie jej mikroarchitektoniki 

oraz znacząco zmniejsza gęstość kostną.6,7 Upośledzenie procesów przebudowy kości 
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spowodowane jest brakiem równowagi między aktywnością komórek kościotwórczych 

tj. osteoblastów, które wywodzą się z populacji komórek mezenchymalnych, a potencjałem 

resorpcyjnym komórek kościogubnych czyli osteoklastów, które z kolei wywodzą 

się z populacji komórek hematopoetycznych.8 W zdrowej kości osteoklasty degradują 

tkankę z wykorzystaniem enzymów osteolitycznych takich jak: katepsyna K (ang. 

cathepsin K), metaloproteinazy macierzy zewnątrzkomórkowej (MMPs – ang. matrix 

metalloproteinases) czy TRAP (ang. tartrate-resistant acid phosphatase). Za regulację 

aktywności komórek kościogubnych odpowiadają m.in. parathormon (PTH – ang. 

parathyroid hormone), kalcytonina (CT – ang. calcitonin) oraz interleukina 6 (IL-6 – ang. 

interleukin 6). Dojrzewanie osteoklastów warunkowane jest przez aktywność wydzielniczą 

komórek kościotwórczych, więc obie populacje komórek istotnie regulują swoją aktywność. 

Zresorbowana kość zostaje odbudowana dzięki aktywności komórek kościotwórczych. 

Do najważniejszych markerów osteoblastów odpowiedzialnych za syntezę i mineralizację 

macierzy zewnątrzkomórkowej należą: fosfataza alkaliczna (ALP - ang. alkaline 

phosphatase), osteokalcyna (OCL - ang. osteocalcin), osteoprotegeryna (OPG - ang. 

osteoprotegerin) czy ligand receptora RANK (RANKL - ang. RANK ligand). Etiologia 

osteoporozy na poziomie komórkowym uwzględnia zaburzoną relację pomiędzy komórkami 

kościotwórczymi, a komórkami kościogubnymi. Brak homeostazy, związany jest 

ze zwiększoną aktywnością osteoklastów i obniżoną osteoblastów. Niezwykle istotny 

jest także fakt wzajemnej regulacji dojrzewania i modulowania aktywności komórek 

kościotwórczych i kościogubnych. Za najważniejszy szlak sygnałowy, regulujący 

oddziaływania pomiędzy komórkami tworzącymi i resorbującymi kość jest szlak określany 

triadą RANKL/OPG/RANK. W procesie regulacji dojrzewania oraz aktywności 

degradacyjnej osteoklastów, receptor RANK (ang. receptor activator of nuclear factor κβ) 

znajdujący się na powierzchni ich błon komórkowych powinien zostać aktywowany przez 

cząsteczkę RANKL produkowaną przez osteoblasty. Cząsteczka OPG również 

produkowana przez osteoblasty jest inhibitorem tego wiązania, funkcjonując jako tzw. decoy 

receptor, imitujący wiązanie ze specyficznym ligandem.9–12  Rekrutacja komórek 

kościotwórczych i komórek kościogubnych w miejscu przebudowy kości wymaga zatem 

aktywacji wielu sygnałów molekularnych regulowanych przez hormony, cytokiny 

czy czynniki wzrostu. W przypadku osteoporozy starczej istotne wydaje się przywrócenie 

prawidłowej równowagi w funkcjonowaniu osteoblastów i osteoklastów, w celu 

zharmonizowania procesów przebudowy tkanki kostnej. Istotną rolę pełnić mogą tutaj także 

niekodujące cząsteczki RNA, które aktywnie pośredniczą w interakcji między komórkami 
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kostnymi a komórkami progenitorowymi poprzez posttranskrypcyjną regulację ekspresji 

genów.  

Komórki progenitorowe pochodzące ze szpiku kostnego (BMSCs – ang. bone marrow 

stem/stromal cells) opisane zostały po raz pierwszy przez zespół Alexandra 

Friedensteina.13,14 Zgodnie z wytycznymi International Society for Cellular Therapy (ISCT) 

BMSCs powinny charakteryzować się: (1) ekspresją markerów CD73, CD90 i CD150 oraz 

brakiem ekspresji markerów CD11b, CD14, CD19, CD34, CD45 i HLA-DR, (2) adhezją 

do plastikowych powierzchni naczyń hodowlanych, a także (3) zdolnością do różnicowania 

się w kierunku tkanki kostnej, chrzęstnej i tłuszczowej w warunkach in vitro.15 Wysoki 

potencjał regeneracyjny BMSCs stwarza możliwość ich potencjalnego zastosowania 

klinicznego – w licznych badaniach zidentyfikowano mechanizmy molekularne 

podkreślając ich korzystny wpływ w przebiegu regeneracji złamań tkanki kostnej.16–18 

Komórki progenitorowe szpiku kostnego wykazują ekspresję kluczowych markerów 

zaangażowanych w regenerację tkanki kostnej, do których należą m.in. ALP, BMP-2/4 (ang. 

bone morphogenetic protein 2/4), OPG, RANK, RANKL, OCL, OPN (ang. osteopontin) 

czy wiele innych białek zaangażowanych w szlak molekularny Wnt – β-katenina.19,20 

Potencjał regeneracyjny BMSCs jest również wyrażony ich wysoką aktywnością 

wydzielniczą poprzez uwalnianie mikropęcherzyków zewnątrzkomórkowych (ExMVs – 

ang. extracellular microvesicles), które są szczególnie bogate w czynniki wzrostu 

oraz szereg niekodujących cząsteczek RNA sprzyjającym procesom regeneracji.21–23 

Jak wykazano wcześniej, niekodujące cząsteczki RNA są aktywnie zaangażowane 

w procesy regulujące wzajemne oddziaływanie populacji komórek kościotwórczych 

i komórek kościogubnych wpływając istotnie na proces przebudowy tkanki kostnej. Poprzez 

regulację szlaków miRNA-lncRNA-mRNA warunkują przeżycie komórek tkanki kostnej, 

ich różnicowanie się czy przebudowę macierzy zewnątrzkomórkowej. Z tego powodu, 

aktywność immunomodulacyjna BMSCs sprawia, że stanowią one obiecujące narzędzie 

terapeutyczne w zakresie terapii komórkowych i w leczeniu osteoporozy starczej.24  

Zaburzenia w równowadze metabolicznej kości związane z rozwojem osteoporozy 

starczej mają istotny wpływ na aktywność biologiczną BMSCs. W związku z tym, 

że z BMSCs rekrutowane są komórki, z których następnie różnicują się osteoblasty, 

zaburzenia metaboliczne towarzyszące osteoporozie mają istotny wpływ na ich rekrutację 

i funkcjonalne różnicowanie się. U osób chorujących na osteoporozę starczą, BMSCs 

przyjmują fenotyp senilny (starczy), który wyrażony jest znacznym spadkiem żywotności 

i obniżeniem się aktywności proliferacyjnej. Ponadto, komórki takie wykazują zmniejszony 
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potencjał regeneracyjny oraz akumulują i wydzielają czynniki stresu oksydacyjnego 

np. tlenek azotu, nadtlenek wodoru, anion ponadtlenkowy czy tlen singletowy. BMSCs 

izolowane od pacjentów osteoporotycznych wykazują zwiększoną ekspresję markerów 

związanych z adipogenezą, a jednocześnie zmniejszoną ekspresję kluczowych genów 

regulujących prawidłową regenerację tkanki kostnej i niezbędnych do tworzenia 

się kości.25,26 Z tego powodu opisanie i zrozumienie szlaków molekularnych, w tym 

regulacji epigenetycznej z udziałem małych niekodujących RNA, stanowi istotne 

uzupełnienie wiedzy na temat patomechanizmów inicjowanych zaburzeniami w aktywności 

komórek kostnych i ich prekursorów. 

Niekodujące cząsteczki RNA (ncRNA, non-coding RNA), do których należą między 

innymi małe niekodujące RNA (tj. mikroRNA/miRNA) zyskały uznanie jako czynniki 

regulujące ekspresję wielu genów. MikroRNA to małe, endogenne cząsteczki o wielkości 

od 19 do 25 nukleotydów, które nie zawierają informacji potrzebnej do powstania białka. 

Ich główną funkcją jest regulacja post-transkrypcyjnego wyciszania genów docelowych. 

Pojedyncza cząsteczka miRNA może być ukierunkowaną na wiele mRNA i wpływać 

na ekspresję setek genów zaangażowanych w funkcjonalne szlaki sygnałowe niezbędne 

do przeżycia, proliferacji lub różnicowania się komórek.27 W procesie biogenezy cząsteczek 

miRNA, uzyskują one komplementarność do konkretnych sekwencji mRNA. Specyficzne 

wiązanie między cząsteczkami miRNA i mRNA prowadzi do zahamowania procesu 

translacji w wyniku degradacji mRNA.28,29 Najlepiej opisanym mechanizmem interakcji 

miRNA-mRNA jest oddziaływanie poprzez region 3' UTR (3`-untranslated region) 

docelowych mRNA. Do takich interakcji dochodzić może także z regionem 5′ UTR, 

sekwencją kodującą czy promotorami genów. Finalnym efektem takiego oddziaływania jest 

osłabienie ekspresji genu.30 Ponadto, miRNA uwalniane są także do krwioobiegu w postaci 

cząsteczek związanych z białkami AGO (ang. Argonaute protein family), w ciałach 

apoptotycznych, egzosomach lub lipoproteinach o dużej gęstości (HDL).31 Krążące miRNA 

(ang. circulating miRNA) można uznać za markery wielu chorób dotykających np. tkanki 

kostnej, tj. osteoporozy czy kostniakomięsaka.31,32 Z tego powodu rozważa się 

ich potencjalne zastosowanie jako wiarygodnych czynników prognostycznych 

i diagnostycznych.33 

Powszechnie dyskutuje się o zdolnościach cząsteczek miRNA do odgrywania kluczowej 

roli w rozwoju stanów patologicznych. Coraz więcej dowodów wskazuje, że miRNA 

odgrywają istotną rolę w procesie osteogenezy, modulując ekspresję genów niezbędnych 

do rekrutacji i różnicowania różnych komórek kostnych, w tym komórek 
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progenitorowych.34–36 Wśród szeregu przebadanych miRNA to właśnie miRNA-21-5p jest 

cząsteczką, która zwraca szczególną uwagę jako czynnik odgrywający ważną rolę 

w utrzymaniu homeostazy w obrębie tkanki kostnej.37–39 MiR-21-5p jest najczęściej 

opisywany jako tzw. „oncomiR”, ze względu na fakt, iż wysoką ekspresję tej cząsteczki 

obserwuje się w komórkach nowotworowych, np. w komórkach kostniakomięsaka.40,41 

Mimo, że molekularny mechanizm oddziaływania cząsteczki miR-21-5p jest nadal 

przedmiotem intensywnych badań, uznaje się ją za kluczowy regulator szlaków 

sygnałowych, które aktywowane są podczas różnicowania się komórek progenitorowych 

w kierunku komórek tkanki kostnej. Wykazano, że jednym z bezpośrednich celów 

cząsteczki miR-21-5p jest cząsteczka Smad7 (ang. mothers against decapentaplegic 

homolog 7), która pełni modulującą funkcję w szlaku sygnałowym indukowanym przez 

transformujące czynniki wzrostu, tj. TGF-β (ang. transforming growth factor β) i białka 

morfogenetyczne kości (BMPs).42,43 Co istotne, w badaniach opartych o komórki BMSCs 

wykazano, że cząsteczka miR-21-5p wpływa na ekspresję głównego regulatora 

kościotworzenia tj. cząsteczki RUNX-2 (ang. runt-related transcription factor 2). 

Dodatkowo, eksperymentalne zwiększenie ekspresji cząsteczki miR-21-5p znajduje 

odzwierciedlenie w zwiększonej ekspresji takich markerów kościotworzenia jak OCL, OPN, 

czy BMP-2.43 Rola miR-21-5p nie ogranicza się jedynie do modulowania ekspresji genów 

w komórkach progenitorowych szpiku kostnego czy komórkach kościotwórczych, 

ale odgrywa ważną rolę w szlakach regulujących przeżycie i różnicowanie się komórek 

kościogubnych.44,45 Na szczególną uwagę zasługuje oś molekularna OPG/RANKL. 

Obie te cząsteczki są kluczowymi czynnikami zaangażowanymi w proces 

osteoklastogenezy zależnej od aktywności osteoblastów, a ich wzajemne sprzężenie opisano 

we wcześniejszej części wstępu.46 Z tego powodu, terapia oparta na dostarczeniu cząsteczek 

miR-21-5p mogłaby potencjalnie przynieść pozytywne rezultaty w kontekście regeneracji 

tkanki kostnej np. w przypadku złamań kości u osób chorujących na osteoporozę starczą.47,48  

Dotychczas, przeprowadzono wiele badań z zakresu wyjaśnienia roli cząsteczek miRNA 

w procesach powiązanych z aktywacją komórek progenitorowych oraz przebudową tkanki 

kostnej. Jednakże, wciąż brakuje rzetelnych informacji z zakresu zaangażowania 

wspomnianych cząsteczek w stanie patologicznego zachwiania homeostazy w obrębie 

tkanki kostnej u pacjentów chorujących na osteoporozę starczą. Dodatkowo, do tej pory 

nie opisano w sposób wystarczający żadnego wiarygodnego modelu do badań in vitro 

oraz in vivo, który miałby na celu wyjaśnienie molekularnego podłoża rozwoju osteoporozy 

starczej oraz zaproponowanie terapii celowanych, tj. „szytych na miarę” i opartych 
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np. o niekodujące cząsteczki RNA. Najbardziej rozpowszechniony model do badań 

nad osteoporozą dotyczy gryzoni, u których wycięto jajniki (tzw. ovariectomized model). 

Model polega na indukcji osteoporozy w wyniku drastycznego spadku ekspresji estrogenu 

w organizmie samicy i z tego powodu nie jest to idealny model do rozważań nad osteoporozą 

starczą, która powiązana jest przecież z naturalnym starzeniem się organizmu i utratą 

potencjału regeneracyjnego komórek pacjenta. Ovariectomized model jest zatem 

wykorzystywany do badań nad osteoporozą menopauzalną.  

Z tego powodu, w pracy doktorskiej podjęto się wyzwania mającego na celu 

zaproponowanie modelu badawczego do analizy molekularnych podstaw progresji 

osteoporozy starczej z wykorzystaniem myszy osteoporotycznych szczepu SAM/P6.  

Szczep ten uzyskano z wsobnie kojarzonych myszy, które są wykorzystywane jako 

zwierzęce modele do badań nad zaburzeniami związanymi z wiekiem i starzeniem się 

organizmu.49,50 W wieku 4 miesięcy myszy SAM/P6 prezentują pełne spektrum objawów 

osteoporozy starczej: niską gęstość kośćca, upośledzony potencjał regeneracyjny komórek 

szpikowych, obniżenie wskaźników BMD i BV/TV, a także niski poziom wapnia i fosforu 

w minerale kostnym (część nieorganiczna kości).  

W pracy doktorskiej podjęto się także wyjaśnienia roli miR-21-5p, w regulacji szlaków 

molekularnych odzwierciedlających potencjał regeneracyjny komórek o znamionach 

osteoporozy starczej. Zbadano także potencjalne wskazanie tej cząsteczki 

jako wartościowego celu terapeutycznego w procesie projektowania nowych 

i spersonalizowanych metod terapeutycznych. Poznanie molekularnych mechanizmów 

warunkujących przebudowę osteoporetycznej tkanki kostnej jest ważnym aspektem 

przybliżającym nas do opracowania skutecznych terapii skoncentrowanych na pobudzaniu 

naturalnych procesów naprawczych i ich precyzyjnego regulowania. Duże nadzieje w tym 

temacie wiąże się z modulowaniem oddziaływań komórkowych i szlaków warunkujących 

prawidłowe funkcjonowanie komórek kości. MiRNA, a w szczególności miR-21-5p 

ma duży potencjał jako cząsteczka, której poziomy modelują aktywność komórek 

progenitorowych rezydujących w tkance kostnej poprzez regulowanie ekspresji genów 

o istotnym znaczeniu dla prawidłowej przebudowy kości. 
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2. Cel pracy 

Celem pracy doktorskiej było określenie roli oraz znaczenia wybranych małych 

niekodujących cząsteczek RNA (miRNA/microRNA) w regeneracji tkanki kostnej 

o zaburzonym metabolizmie, szczególnie w przebiegu osteoporozy związanej z wiekiem 

i starzeniem się organizmu (tj. osteoporozy starczej).  Wiodącym tematem badań była ocena 

funkcji miR-21-5p w regulacji aktywności metabolicznej i proliferacyjnej komórek 

progenitorowych tkanki kostnej, komórek kościotwórczych (osteoblastów) i komórek 

kościogubnych (osteoklastów). Analizy obejmowały także określenie nowych szlaków 

molekularnych z uwzględnieniem osi miRNA-lncRNA-mRNA. Badania prowadzone były 

w oparciu o cele szczegółowe: 

• Poszukiwanie małych cząsteczek RNA (miRNA) istotnie zaangażowanych 

w zachowanie homeostazy i regulację metabolizmu w obrębie tkanki kostnej, 

które mogłyby służyć jako wiarygodne markery terapeutyczne w leczeniu chorób 

dotykających układu kostnego. 

• Określenie roli cząsteczki miR-21-5p w procesie przebudowy tkanki kostnej 

warunkowanej aktywnością prekursorowych i dojrzałych komórek kości. 

• Scharakteryzowanie potencjału regeneracyjnego oraz aktywności metabolicznej 

endogennych komórek progenitorowych izolowanych ze szpiku kostnego 

(BMSCs) myszy z indukowaną osteoporozą starczą (szczep SAM/P6). 

• Opisanie szczepu myszy SAM/P6 jako wartościowego modelu do badań in vivo 

z zakresu projektowania efektywnych i celowanych metod terapeutycznych 

dla osób chorujących na osteoporozę starczą. 

• Określenie znaczenia miR-21-5p jako cząsteczki regulującej potencjał 

regeneracyjny multipotentych komórek stromalnych szpiku (BMSC) - badania 

z uwzględnieniem populacji komórek o upośledzonym metabolizmie 

tj. BMSCSAM/P6. 

• Weryfikacja znaczenia miR-21-5p w regulacji homeostazy oraz przebudowy 

zdrowej i osteoporetycznej tkanki kostnej - badania in vitro/in vivo 

z wykorzystaniem modelu SAM/P6. 

• Wskazanie cząsteczki miR-21-5p jako potencjalnego czynnika terapeutycznego 

przy projektowaniu terapii molekularnych, mobilizujących endogenne komórki 

progenitorowe kości i właściwą przebudowę tkanki, ukierunkowanych 

na leczenie osteoporozy starczej.  
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3. Materiały i metody 

Poniższy rozdział zawiera informacje z zakresu metodyki prowadzonych badań. 

Przeprowadzone badania opierały się o wykorzystanie technik biologii molekularnej 

względem komórek linii MC3T3-E1 (mysie pre-osteoblasty), 4B12 (mysie pre-osteoklasty) 

oraz mysich komórek progenitorowych BMSCs. Szczegółowe informacje dotyczące 

zaimplementowanych protokołów znajdują się w publikacjach naukowych wchodzących 

w skład niniejszej rozprawy doktorskiej. 

3.1. Hodowle komórkowe  

Komórki linii MC3T3-E1 hodowane były w pożywce Minimum Essential Medium 

Alpha (MEM-α, GibcoTM Thermo Fisher Scientific, Warszawa, Polska) z 10% dodatkiem 

surowicy bydlęcej (FBS – ang. fetal bovine serum, Sigma-Aldrich, Monachium, Niemcy) 

w inkubatorze komórkowym o stałych parametrach fizycznych: temperatura 37 °C, 5% CO2 

oraz 95% wilgotności. Pożywka hodowlana wymieniana była dwa razy w tygodniu 

z uwzględnieniem płukania komórek z wykorzystaniem soli Hanks`a (HBSS – ang. Hanks` 

Balanced Salt Solution). W przypadku osiągnięcia 90% konfluencji w prowadzonych 

hodowlach, komórki pasażowane były z wykorzystaniem roztworu trypsyny (StableCell 

Trypsin, Sigma-Aldrich, Monachium, Niemcy).  

Komórki linii 4B12 zostały wykorzystane w publikacji nr 2 dzięki uprzejmości Shigeru 

Amano z Meikai University School of Dentistry (Department of Oral Biology and Tissue 

Engineering).51 Komórki hodowano w pożywce hodowlanej składającej się z α-MEM 

(Sigma-Aldrich, Monachium, Niemcy) z 10% dodatkiem surowicy bydlęcej (FBS) oraz 30% 

CSCM (ang. calvaria-derived stromal cell conditioned medium). Komórki propagowano 

w inkubatorze komórkowym o stałych parametrach fizycznych: temperatura 37 °C, 5% CO2 

oraz 95% wilgotności. W przypadku osiągnięcia 75% konfluencji komórki pasażowano 

do nowych naczyń hodowlanych bez wykorzystywania roztworu trypsyny.  

Dodatkowo, w publikacji nr 2 wykorzystano model ko-hodowli komórek MC3T3-E1 

oraz 4B12. Komórki MC3T3-E1 wysiano na płytki 24-dołkowe oraz przeprowadzano 

transfekcję opisaną w punkcie 3.2. Komórki 4B12 umieszczono w komorach Boyden`a 

o średnicy porów równej 8 µm i zawieszono w dołkach, w których znajdowały się wysiane 

wcześniej komórki MC3T3-E1. Połowa pożywki w komorach (α-MEM, 10% FBS, 30% 

CSCM) była wymieniana dwa razy w tygodniu w trakcie prowadzenia ko-kultury. Komórki 

MC3T3-E1, które inkubowano na powierzchni płytek hodowlanych różnicowano 

w kierunku tkanki kostnej, co zostało opisane w punkcie 3.3. 
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Komórki BMSCs (ang. bone marrow stem / stromal cells) do badań przedstawionych 

w publikacji nr 3 oraz 4 wyizolowano z dwóch szczepów myszy – kontrolnego szczepu 

myszy zdrowych BALB/c oraz myszy szczepu SAM/P6, chorujących na osteoporozę 

starczą. W celu izolacji komórek szpikowych zwierzęta poddano eutanazji poprzez 

przerwanie rdzenia kręgowego. Następnie, od myszy wypreparowano kości udowe. Szpik 

kostny wypłukano z jam szpikowych z wykorzystaniem strzykawek insulinowych 

wypełnionych solą Hanks`a. Komórki opłukano i wysiano bezpośrednio na płytki 

24-dołkowe. Komórki inkubowano w pożywce hodowlanej Ham`s F-12 Nutrient Mixture 

z 15% dodatkiem surowicy bydlęcej i 1% dodatkiem P/S. Komórki propagowano 

w inkubatorze komórkowym o stałych parametrach fizycznych: temperatura 37 °C, 5% CO2 

oraz 95% wilgotności. Pożywka hodowlana została wymieniona na świeżą po 24 godzinach 

hodowli w celu pozbycia się komórek nieadherentnych i hematopoetycznych. W trakcie 

hodowli komórek pożywka była wymieniana dwa razy w tygodniu z uwzględnieniem 

płukania komórek przy użyciu soli Hanks`a.  

W trakcie prowadzenia wszystkich hodowli, komórki obserwowano z wykorzystaniem 

odwróconego mikroskopu świetlnego z kontrastem fazowym (Axio Observer A1, Zeiss, 

Oberkochen, Niemcy oraz Leica DMi1, Leica Microsystems, KAWA.SKA Sp. z o.o., 

Polska). 

 

3.2. Transfekcja komórek 

Badania przedstawione w publikacji nr 2 opierały się na wyciszeniu ekspresji cząsteczki 

miR-21-5p w komórkach linii MC3T3-E1. Transfekcję komórek przeprowadzono 

z wykorzystaniem inhibitora miR-21 (hsa-miR-21a-5p Anti-miRTM miRNA Inhibitor, 

Ambition, Thermo Fisher Scientific, Warszawa, Polska) oraz ESCORT III Transfection 

reagent (Sigma-Aldrich, Poznań, Polska). Odczynnik do transfekcji przygotowano 

w stężeniu 1:100 w pełnej pożywce hodowlanej MEM-α, a ilość inhibitora miR-21 wynosiła 

50 nM. Optymalna ilość inhibitora miR-21 została określona doświadczalnie 

i przedstawiona w publikacji nr 2. Transfekcję komórek rozpoczęto przy konfluencji równej 

około 70% i przeprowadzono przez 72 godziny zgodnie z zaleceniami producenta. Komórki, 

w których nie wyciszano ekspresji miR-21-5p stanowiły grupę kontrolną. 

W badaniach przedstawionych w publikacji nr 4 zwiększono ekspresję cząsteczki 

miR-21-5p w komórkach BMSCs izolowanych z myszy osteoporotycznych SAM/P6. 

W tym celu, po osiągnieciu około 80% konfluencji komórek, hodowle transfekowano 

za pomocą MISSION® miRNA miR-21 Mimic (HMI0371, Sigma-Aldrich, Monachium, 
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Niemcy) oraz Lipofectamine 3000 Transfection Kit (Invitrogen, Thermo Fisher Scientific, 

Warszawa, Polska). Odczynniki do transfekcji oraz miR-21 Mimic zostały przygotowane 

w pożywce OptiMEM (Gibco, Life Technologies Corporation, USA) i dodane do komórek 

w stężeniu 1:10. Ilość dostarczonego do komórek miR-21 Mimic wynosiła 50 nM. 

Transfekcję komórek przeprowadzano przez 72 godziny, zgodnie z zaleceniami producenta. 

Komórki, w których nie zwiększono ekspresji cząsteczki miR-21-5p stanowiły grupę 

kontrolną. 

 

3.3. Różnicowanie komórek oraz analiza macierzy zewnątrzkomórkowej 

Różnicowanie komórek w kierunku tkanki kostnej zostało indukowano stosując pełną 

pożywkę hodowlaną (MEM-α) wzbogaconą czynnikami osteogennymi – 10 nM – hydrat 

soli disodowej fosforanu β-glicerolu (Sigma-Aldrich, Monachium, Niemcy) i 50 g/mL 

kwasu askorbinowego (Sigma-Aldrich, Monachium, Niemcy). Pożywka różnicująca 

zmieniana była dwa razy w tygodniu. Różnicowanie komórek prowadzono przez 3, 7 i 15 

dni (komórki MC3T3-E1) lub przez 10 dni (BMSCs). 

Różnicowanie komórek w kierunku tkanki chrzęstnej zostało indukowano stosując 

StemPro Osteocyte/Chondrocyte Differentiation Basal Medium (A10069-01, Gibco, Life 

Technologies Corporation, USA) oraz StemPro Chondrogenesis Supplement (A10069-01, 

Gibco, Life Technologies Corporation, USA) w stosunku 10:1. Pożywka została 

wzbogacona 0.05% dodatkiem gentamycyny. Pożywka różnicująca zmieniana była dwa 

razy w tygodniu. Różnicowanie komórek BMSCs prowadzono przez 7 dni. 

Różnicowanie komórek w kierunku tkanki tłuszczowej zostało indukowano stosując 

StemPro Adipogenesis Differentiation Basal Medium (A10410-01, Gibco, Life 

Technologies Corporation, USA) oraz StemPro Adipogenesis Supplement (A10065-01, 

Gibco, Life Technologies Corporation, USA) w stosunku 10:1. Pożywka została 

wzbogacona 0.05% dodatkiem gentamycyny. Pożywka różnicująca zmieniana była dwa 

razy w tygodniu. Różnicowanie komórek BMSCs prowadzono przez 7 dni. 

Analizę jakościową zewnętrznej macierzy komórkowej określono za pomocą barwnika 

Alizarin Red, który wybarwia złogi wapnia oraz barwnika Safranina-O, który wybarwia 

proteoglikany. W tym celu komórki utrwalono w 4% roztworze paraformaldehydu (PFA), 

a następnie wybarwiono za pomocą wspomnianych barwników. Uzyskane próbki 

analizowano za pomocą mikroskopu odwróconego Axio Observer A1 (Zeiss, Oberkochen, 

Niemcy) i dokumentowano aparatem cyfrowym Canon PowerShot (Woodhatch, Wielka 

Brytania). Uzyskane mikrofotografie analizowano w programie Fiji is Just ImageJ 
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z wykorzystaniem wtyczki Pixel Counter (wersja 1.52n, Wayne Rasband, National Institutes 

of Health, USA). 

Ilość kropel tłuszczu podczas różnicowania w kierunku tkanki tłuszczowej określono 

za pomocą barwnika HCS LipidTOX Green Neutral Lipid Stain (H34475, Sigma-Aldrich, 

Monachium, Niemcy). Komórki barwiono zgodnie z zaleceniami producenta, a preparaty 

zamknięto na szkiełkach podstawowych za pomocą tzw. mounting medium (FluoroshieldTM 

with DAPI, Sigma-Aldrich, Monachium, Niemcy). Powstałe preparaty obserwowano przy 

użyciu mikroskopu konfokalnego (Leica TCS SPE, Leica Microsystems, KAWA.SKA Sp 

z o.o., Zalesie Górne, Poland). Uzyskane mikrofotografie analizowano w programie Fiji 

is Just ImageJ z wykorzystaniem wtyczki Pixel Counter (wersja 1.52n, Wayne Rasband, 

National Institutes of Health, USA). 

 

3.4. Ocena aktywności metabolicznej komórek 

Analiza aktywności metabolicznej komórek została przeprowadzona z wykorzystaniem 

testu Alamar Blue. Komórki inkubowano przez dwie godziny w warunkach standardowych 

(37 °C, 5% CO2 i 95% wilgotności) w obecności roztworu resazuryny. Pod wpływem 

aktywności utleniania i redukcji komórek, niebieska resazuryna zostaje zredukowana 

do różowej resorufiny, posiadającej silne właściwości fluorescencyjne. Po inkubacji 

supernatant usunięto i przeniesiono na płytki 96-dołkowe. Absorbancję mierzono 

przy długości fali 600 i 690 nm. Aktywność metaboliczną komórek obliczono za pomocą 

wzoru: ΔA = A600nm –A690nm. 

 

3.5. Testy oparte o cytometrię przepływową 

Analizy cytometryczne przeprowadzano za pomocą analizatora Guava® Muse® Cell 

Analyzer zgodnie z protokołami podanymi przez producentów. Każdą analizę 

przeprowadzono w co najmniej trzech powtórzeniach technicznych.  

Analizę liczby oraz żywotności komórek przeprowadzono przy użyciu zestawu Muse® 

Count & Viability Kit (Luminex/Merck; nr kat.: MCH100102, Poznań, Polska). Analizę 

profilu apoptozy w prowadzonych hodowlach komórkowych przeprowadzono przy użyciu 

zestawu Muse® Annexin V & Dead Cell Kit (Luminex/Merck; nr kat.: MCH100105, Poznań, 

Polska). Analizę aktywacji kaspaz (enzymów proteolitycznych) przeprowadzono za pomocą 

zestawu Muse® MultiCaspase Kit (Luminex/Merck; nr kat.: MCH100109, Poznań, Polska). 

Analizę stopnia depolaryzacji błon mitochondrialnych przeprowadzono za pomocą zestawu 



22 
 

Muse® MitoPotential Kit (Luminex/Merck; nr kat.: MCH100110, Poznań, Polska). Analizę 

akumulacji reaktywnych form tlenu (ROS – ang. reactve oxygen species) zmierzono 

za pomocą zestawu Muse® Oxidative Stress Kit (Luminex/Merck; nr kat.: MCH100111, 

Poznań, Polska). 

Za pomocą technik cytometrycznych oceniono także stopień akumulacji białka RUNX-2 

biorącego udział procesie regeneracji tkanki kostnej. Analizy przeprowadzono 

z wykorzystaniem świeżo wyizolowanych komórek BMSCs z myszy zdrowych (szczep 

BALB/c) oraz osteoporotycznych (szczep SAM/P6). Po izolacji szpiku kostnego komórki 

inokulowano na płytki 24-dołkowe. Po 24 godzinach komórki transfekowano za pomocą 

MISSION® miRNA miR-21 Mimic (HMI0371, Sigma-Aldrich, Monachium, Niemcy) 

przez 72 godziny. Komórki inkubowano w obecności odczynnika Fix & Perm Medium A 

(GAS001, Life Technologies Corporation, USA), a następnie w obecności odczynnika Fix 

& Perm Medium B (GAS002, Life Technologies Corporation, USA) z dodatkiem 

przeciwciała anty-RUNX-2 (M-70) wytworzonego w króliku (sc-10758, Santa Cruz 

Biotechnology) w stężeniu 1:50. Komórki inkubowano następnie z przeciwciałem 

drugorzędowym - anty-królicze Atto-647 wytworzone w organizmie kozy (ab150079, 

Abcam) w stężeniu 1:100 w PBS. Próbki analizowano za pomocą dwulaserowego cytometru 

FACS Lyric Flow Cytometer (Becton Dickinson Polska, Sp. z oo, Warszawa, Polska) 

z oprogramowaniem FASC Suite. W każdej próbce oceniano 1000 komórek. Wyniki 

wizualizowano i analizowano za pomocą oprogramowania FCS Express™ (wersja 

7.08.0018, De Novo Software, Pasadena, CA, USA). 

 

3.6. Analizy z wykorzystaniem mikroskopii konfokalnej 

W celu wizualizacji morfologii i ultrastruktury komórek zastosowano komercyjnie 

dostępne zestawy barwników. Sieć mitochondrialną w komórkach wybarwiono 

przyżyciowo za pomocą barwnika Mito Red (Sigma-Aldrich, Monachium, Niemcy). 

Lizosomy wizualizowano również w trakcie hodowli komórek przy użyciu odczynnika 

LysoTracker™ Yellow HCK-123 (Life Technologies Corporation, USA). Przed kolejnym 

barwieniem komórki utrwalano w 4% roztworze PFA. 

Morfologię badanych komórek oceniano poprzez wizualizację jąder komórkowych przy 

użyciu barwnika Hoechst 33342 (I34202, Invitrogen, Thermo Fisher Scientific, Warszawa, 

Polska). Ponadto, cytoszkielet aktynowy barwiono roztworem falloidyny Atto-488 (49409, 

Sigma-Aldrich, Monachium, Niemcy). Preparaty zamknięto na szkiełkach mikroskopowych 
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oraz wybarwiono DAPI (4',6-diamino-2-fenoloindolem) przy użyciu mounting medium 

(FluoroshieldTM z DAPI, Sigma-Aldrich, Monachium, Niemcy).  

Aby ocenić ekspresję badanych białek powierzchniowych oraz wewnątrzkomórkowych 

wykorzystano techniki oparte na immunodetekcji. Preparaty inkubowano z przeciwciałami 

skoniugowanymi z cząsteczkami, które posiadają zdolność do fluorescencji. W celu 

zastosowania technik immunocytochemicznych, komórki inkubowano przez noc 

z pierwszorzędowymi przeciwciałami w 4°C: anty-CD44, anty-CD45, anty-CD73, 

anty CD90, anty-CD105, anty-RUNX2, anty-OPN, anty-TRAP, anty-LAMP2, anty-Ki67, 

anty-mTOR oraz anty-MFN1. Następnie, próbki inkubowano z przeciwciałami 

drugorzędowymi przez 1 godzinę w temperaturze pokojowej. Szczegółowe informacje 

dotyczące rodzaju oraz stężenia wykorzystanych przeciwciał pierwszo- i drugorzędowych 

znajdują się w odpowiednich publikacjach, które wchodzą w skład pracy doktorskiej. 

Preparaty zamknięto na szkiełkach mikroskopowych oraz wybarwiono DAPI przy użyciu 

mounting medium (FluoroshieldTM z DAPI, Sigma-Aldrich, Monachium, Niemcy).  

Komórki obserwowano przy użyciu mikroskopu konfokalnego i oprogramowania Las X 

(11889113, Leica DMi8, Leica Microsystems, KAWA.SKA Sp. z oo, Zalesie Górne, 

Polska). Obrazy mikroskopowe uzyskano stosując projekcję o maksymalnej intensywności 

przy użyciu oprogramowania Fiji is Just ImageJ (wersja 1.52n, Wayne Rasband, National 

Institutes of Health, USA) oraz analizowano stosując wtyczkę Pixel Counter Plougin. 

Dodatkowo, do analizy morfologii mitochondriów wykorzystano oprogramowanie 

MicroP.52 

 

3.7. Ocena poziomów transkryptów związanych z przebudową kości i aktywnością 

komórek kościotwórczych i kościogubnych metodą RT-qPCR 

Poziomy transkryptów dla wybranych mRNA oraz ncRNA (miRNA i lncRNA) 

analizowano za pomocą techniki RT-qPCR (ilościowa reakcja łańcuchowa polimerazy 

poprzedzona odwrotną transkrypcją). W tym celu komórki homogenizowano przy użyciu 

Extrazolu® (Blirt DNA, Gdańsk, Polska) oraz wyizolowano RNA metodą fenolowo-

chloroformową.53 Wyizolowane całkowite RNA rozcieńczono w wodzie przeznaczonej 

do biologii molekularnej (Sigma-Aldrich, Poznań, Polska) oraz spektrofotometrycznie 

oceniono jego jakość (Epoch, Biotek, Bad Friedrichshall, Niemcy). Trawienie pozostałości 

gDNA (genomowego DNA) przeprowadzono przy użyciu enzymu deoksyrybonukleazy I 

(DNaza I) wchodzącej w skład zestawu PrecisionDNAse Kit (Primerdesign, BLIRT S.A., 

Gdańsk, Polska) zgodnie z zaleceniami producenta. cDNA (komplementarne DNA) 



24 
 

syntetyzowano przy użyciu zestawu Tetro cDNA Synthesis Kit (Bioline Reagents Limited, 

Londyn, Wielka Brytania) w termocyklerze T100 (Bio-Rad, Hercules, CA, USA). 

Do analizy małych niekodujących RNA (miRNA) zastosowano zestaw Mir-X™ miRNA 

First-Strand Synthesis Kit (Takara Clontech Laboratories, Biokom, Poznań, Polska). 

Procedury przeprowadzono zgodnie z zaleceniami producentów. cDNA zsyntetyzowano 

ze ściśle określonych ilości RNA, o których informacje znajdują się w poszczególnych 

publikacjach wchodzących w skład niniejszej pracy doktorskiej. Reakcje qPCR 

przeprowadzono przy użyciu zestawu SensiFAST SYBR®&Fluorescein Kit (Bioline 

Reagents Ltd., London, UK) w termocyklerze CFX Connected Real-Time PCR Detection 

System (Bio-Rad, Hercules, CA, USA). Reakcje przeprowadzono w co najmniej trzech 

powtórzeniach technicznych. Stałe warunki reakcji obejmowały: początkową denaturację 

(95 °C, 2 minuty) oraz 45 cykli składających się z denaturacji (95 °C, 5 sekund), 

hybrydyzacji starterów (10 sekund) i elongacji (72 °C, 5 sekund). W celu określenia 

specyficzności powstałych produktów przeprowadzano krzywą topnienia produktów 

stosując gradient (65 do 95 °C, szybkość ogrzewania 0,2 °C/sekundę). cDNA stanowiło 

zawsze 10% objętości mieszaniny reakcyjnej. Do określenia wartości ekspresji transkryptów 

wykorzystywano algorytm RQMAX. W celu normalizacji wyników wykorzystywano 

wartości ekspresji genów metabolizmu podstawowego (tzw. housekeeping genes): Gapdh 

(dehydrogenaza aldehydu 3-fosfoglicerynowego) oraz B2m (beta-2-mikroglobulina – 

w przypadku komórek BMSCs), a wartości ekspresji miRNA normalizowano względem 

genu snU6 (small nuclear RNA U6). Normalizację przeprowadzono przy użyciu wzoru: ∆Ct 

= Ct (gen będący przedmiotem zainteresowania) - Ct (gen metabolizmu podstawowego). 

Spośród uzyskanych wartości ΔCt otrzymano wartość maksymalną (wartość MAX), która 

posłużyła do standaryzacji uzyskanych wyników. Standaryzację i obliczenie ekspresji 

genów przeprowadzono za pomocą wzoru: RQMAX = 2 (wartość MAX - ∆Ct). Specyficzność 

otrzymanych produktów weryfikowano również względem kontroli NTC (ang. no template 

control) i NRT (ang. no reverse transcriptase control). 

Charakterystykę zastosowanych sekwencji oligonukleotydowych (starterów) wraz 

z temperaturami hybrydyzacji przedstawiono w poszczególnych publikacjach wchodzących 

w skład pracy doktorskiej.  

 

3.8. Analiza wewnątrzkomórkowej akumulacji białek metodą Western Blot 

W celu określenia poziomu ekspresji wybranych białek wykorzystano technikę Western 

Blot. W tym celu hodowle komórkowe poddano lizie przy użyciu schłodzonego buforu 
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RIPA (ang. radioimmunoprecipitation assay buffer) uzupełnionego 1% koktajlem 

inhibitorów proteaz i fosfataz (Sigma-Aldrich, Monachium, Niemcy). Do określenia ilości 

wyizolowanego białka zastosowano zestaw Bicinchoninic Acid Assay Kit (BCA) (Sigma-

Aldrich, Monachium, Niemcy). Reakcję elektroforezy (SDS-PAGE) przeprowadzono 

w żelu poliakrylamidowym o określonym stężeniu z wykorzystaniem Mini-PROTEAN 

Tetra Vertical Electrophoresis Cell (Bio-Rad, Hercules, CA, USA). Następnie próbki 

przeniesiono na membranę PVDF przy użyciu systemu Mini Trans-Blot® (Bio-Rad, 

Hercules, CA, USA). Membrany blokowano przy użyciu 5% roztworu odtłuszczonego 

mleka w proszku w buforze TBST (Tris/NaCl/Tween), a następnie inkubowano przez noc 

w 4 °C z przeciwciałami pierwszorzędowymi: anty-RUNX2, anty-OPN, anty-MFN1, 

anty-PINK1 oraz anty-ACTβ. W czasie inkubacji z przeciwciałami drugorzędowymi 

wykorzystano przeciwciała skoniugowane z HRP (peroksydaza chrzanowa) w buforze 

TBST. Szczegółowe informacje dotyczące wykorzystanych przeciwciał pierwszo- 

i drugorzędowych oraz zastosowanych stężeń podano w odpowiednich publikacjach 

naukowych wchodzących w skład pracy doktorskiej. Membrany analizowano przy użyciu 

systemu Bio-Rad ChemiDoc™ XRS (Bio-Rad, Hercules, CA, USA). Sygnał 

chemiluminescencyjny wykryto przy użyciu substratu chemiluminescencyjnej 

i fluorescencyjnej peroksydazy (HRP) DuoLuX® (Vector Laboratories, Peterborough, 

Wielka Brytania). Intensywność sygnału i masę cząsteczkową wykrytych białek 

analizowano za pomocą oprogramowania Image Lab™ (Bio-Rad, Hercules, CA, USA). 

Ilość białka wykorzystanego w analizie, jak również stężenia żelów poliakrylamidowych 

podano w publikacjach wchodzących w skład pracy doktorskiej. 

 

3.9. Badania in vivo 

Aby potwierdzić właściwości osteo-indukcyjne cząsteczki miR-21-5p przeprowadzono 

badania in vivo z wykorzystaniem szczepu myszy SAM/P6. W tym celu wykonano 

procedurę obustronnego krytycznego ubytku czaszki (tzw. model CSD – ang. critical-size 

cranial defect). Zabiegi przeprowadzono u myszy osteoporotycznych szczepu SAM/P6 

(n=2) pod nadzorem lekarza weterynarii, za zgodą lokalnej komisji etycznej (Lokalna 

Komisja Etyczna we Wrocławiu, nr decyzji: 069/2020/P1 z dnia 9.12.2020). Zwierzęta 

poddano ogólnemu znieczuleniu mieszaniną ksylazyny (25 mg/kg) i ketaminy (70 mg/kg). 

Następnie, wykonano dwa ubytki o średnicy 2 mm za pomocą cylindrycznego wiertła 

o niskiej prędkości. W celu dostarczenia niezdegradowanych cząsteczek miR-21 

do wytworzonych ubytków, cząsteczki miR-21 zawieszono w 2% roztworze alginianu sodu. 
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Przed podaniem roztwór traktowano chlorkiem wapnia w celu usieciowienia i wytworzenia 

hydrożelu. Powstałe hydrożele alginianowe zawierające 50 nM miR-21 zostały umieszczone 

w ubytkach kostnych. Ubytki po lewej stronie czaszki służyły jako kontrole, do których 

podawano hydrożel bez zawartości miR-21. Zwierzęta poddano eutanazji dwa tygodnie 

po wykonaniu zabiegu w celu analizy wpływu miR-21 na regenerację tkanki kostnej. 

Czaszki myszy wypreparowano w celu przeprowadzenia analiz z zakresu 

mikrotomografii komputerowej (µ-CT) i elektronowej mikroskopii skaningowej wraz 

z analizą rentgenowską dyspersji energii (SEM-EDX). Analizy µ-CT wykonano w Pracowni 

Mikrotomografii Rentgenowskiej Wydziału Informatyki i Inżynierii Materiałowej 

Uniwersytetu Śląskiego w Katowicach (Chorzów, Polska) przy użyciu systemu GE Phoenix 

v|tome|x (General Electric, Cincinnati, OH, USA). Skany μ-CT eksportowano jako pliki 

VGL i analizowano przy użyciu oprogramowania myVGL (wersja 3.3.2.170119, Volume 

Graphic GmbH) w celu oceny właściwości strukturalnych nowo utworzonej tkanki. 

Do oceny nowo wytworzonej tkanki wykorzystano program Fiji is Just ImageJ. Ponadto, 

czaszki analizowano za pomocą skaningowej mikroskopii elektronowej z oceną składu 

pierwiastkowego (SEM-EDX; SEM Evo LS 15 Zeiss, Niemcy). Mapowanie składu wapnia 

i fosforu wykonano za pomocą systemu Bruker Quantax 200 z detektorem BrukerXFlash 

5010 i oprogramowaniem Esprit 1.8. Ponadto, zbadano ekspresję kluczowych markerów 

związanych z prawidłową regeneracją kości za pomocą techniki RT-qPCR, którą opisano 

w punkcie 3.7. 

 

3.10.  Analizy statystyczne 

Każdą analizę przeprowadzono w co najmniej trzech powtórzeniach technicznych. 

Analizy statystyczne przeprowadzono przy użyciu oprogramowania GraphPad Prism 5 

(GraphPad Software, San Diego, CA, USA).  W trakcie prowadzenia analiz wykorzystano 

test t-Studenta oraz jednoczynnikową analizę wariancji (ANOVA) wraz z testem post-hoc 

Tukeya. Wyniki uznawano za istotne przy poziomie błędu mniejszym niż 5% (p < 0,05). 

Poziomy istotności oznaczano gwiazdkami: *p < 0,05; **p < 0,01; ***p < 0,001. Różnice 

nieistotne oznaczono jako ns.  
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4. Komentarze do publikacji 

4.1. Publikacja nr 1: Sikora, M., Marycz, K., & Śmieszek, A. (2020). Small and Long 

Non-coding RNAs as Functional Regulators of Bone Homeostasis, Acting Alone 

or Cooperatively. Molecular Therapy-Nucleic Acids, 21, 792–803. DOI: 

10.1016/j.omtn.2020.07.017 

 

W publikacji nr 1 został szczegółowo opisany aktualny stan wiedzy na temat funkcji 

niekodujących cząsteczek RNA (ncRNA: non-coding RNA) w podstawowych szlakach 

molekularnych i metabolicznych tkanki kostnej. Publikacja nr 1 stanowi istotne 

wprowadzenie teoretyczne do tematu roli niekodujących RNA w biologii tkanki kostnej 

oraz populacji komórek tworzących kość.      

We wstępie publikacji nr 1 wskazano na poważny problem jakim są choroby dotykające 

układu kostnego, ze szczególnym uwzględnieniem osteoporozy, choroby zwyrodnieniowej 

stawów oraz kostniakomięsaka. Wskazano na trudność diagnostyki wspomnianych 

jednostek chorobowych oraz na brak efektywnych i relatywnie niskobudżetowych metod ich 

leczenia. Z tego powodu zwraca się uwagę na alternatywne metody terapeutyczne, 

w szczególności terapie celowane, które opierałyby się o wykorzystanie markerów 

molekularnych np. niekodujących RNA.  

Kolejnym tematem omówionym w manuskrypcie nr 1 jest biogeneza cząsteczek ncRNA. 

W szczegółowy sposób przedstawiono aktualny stan wiedzy z zakresu syntezy i funkcji 

zarówno małych niekodujących cząsteczek RNA (microRNA, miRNA) jak i długich 

niekodujących cząsteczek RNA (long non-coding RNA, lncRNA). Mechanizm powstawania 

oraz funkcje obydwu rodzajów RNA zostały przedstawione także w formie graficznej 

(P1: Ryc. 1). Szczególną uwagę zwrócono na oś molekularną lncRNA-miRNA-mRNA, 

ponieważ szlaki sygnałowe angażujące niekodujące RNA (na przykładzie miR-21-5p) oraz 

ich wpływ na ekspresję efektorowych mRNA powiązanych z procesami przebudowy tkanki 

kostnej były analizowane w kolejnych pracach naukowych wchodzących w skład cyklu. 

 Najważniejszym elementem pracy nr 1 jest szczegółowe omówienie funkcji wybranych 

cząsteczek miRNA oraz lncRNA w kontekście biologii komórek tkanki kostnej. 

Podsumowano dotychczasową wiedzę opisującą zaangażowanie wybranych cząsteczek 

w szlakach molekularnych, które są kluczowe dla zachowania homeostazy w obrębie tkanki 

kostnej. Zwrócono uwagę na zaangażowanie omawianych markerów w ekspresji istotnych 

czynników transkrypcyjnych powiązanych z osteogenezą np. RUNX-2. Omówiono 

znaczenie następujących cząsteczek miRNA: miR-21, miR-124, miR-203 oraz miR-223, 
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a także cząsteczek lncRNA: DANCR, TUG1, MALAT1 oraz HOTAIR. Opisano 

oddziaływania między wybranymi lncRNA i miRNA (tzw. crosstalk) oraz ich wpływ na 

aktywację komórek kościotwórczych (osteoblasty) lub kościogubnych (osteoklasty) 

(P1: Ryc. 2). Dodatkowo, w formie tabeli podsumowano zaangażowanie wybranych 

cząsteczek ncRNA na proces przebudowy tkanki kostnej i nowotworzenia, jak również cele 

molekularne powiązane z omawianymi cząsteczkami RNA, które mogą stanowić 

potencjalne cele diagnostyczne i terapeutyczne (P1: Tab. 1). Dodatkowo, omówiono wpływ 

ncRNA na aktywację morfogenów, które pełnią kluczowe funkcje w procesie różnicowania 

się komórek tkanki kostnej, w tym szlaki sygnałowe Wnt/β-catenin czy białka 

morfogenetyczne kości (BMPs). 

 Podsumowując, w publikacji nr 1 omówiono dotychczasowy stan wiedzy na temat 

niekodujących cząsteczek RNA, które są zaangażowane w wiele istotnych procesów 

biologicznych, zapewniając unikalny mechanizm regulacyjny dla genów kodujących białka 

o istotnym znaczeniu w rozwoju kości, w tym morfogenów i czynników wzrostu, 

zapewniających również prawidłowy rozwój i homeostazę organizmu, zarówno na etapie 

życia płodowego, jak i dojrzałego organizmu. Należy podkreślić jak wartościowa jest 

identyfikacja i analiza powiązań między miRNA, lncRNA i domniemanymi genami 

docelowymi. Takie badania mogą zapewnić opracowanie nowych paneli biomarkerów, 

które wykazywać będą potencjał prognostyczny i diagnostyczny w przypadku chorób 

związanych z układem kostnym. Dodatkowo, analiza sieci molekularnych i powiązań 

między lncRNA-miRNA-mRNA może ujawnić nowe cele terapeutyczne, a w rezultacie 

umożliwić projektowanie bardziej efektywnych terapii celowanych ukierunkowanych 

na konkretne jednostki chorobowe. 

 

4.2. Publikacja nr 2: Śmieszek, A., Marcinkowska, K., Pielok, A., Sikora, M., 

Valihrach, L., & Marycz, K. (2020). The Role of miR-21 in Osteoblasts-

Osteoclasts Coupling In Vitro. Cells, 9, 1–21. DOI: 10.3390/cells9020479 

 

Publikacja nr 2 stanowi pierwszy etap badań nad znaczeniem cząsteczki miR-21-5 

w procesie regeneracji oraz zachowania homeostazy w obrębie tkanki kostnej, 

realizowanych w ramach pracy doktorskiej. Badania zostały przeprowadzone 

z wykorzystaniem komercyjnie dostępnej mysiej linii komórkowej MC3T3-E1. Komórki 

te zostały scharakteryzowane jako niedojrzałe komórki kościotwórcze (pre-osteoblasty). 

W pracy określono znaczenie miR-21-5p w kształtowaniu potencjału kościotwórczego 
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komórek MC3T3-E1 oraz wpływ tej cząsteczki na ich aktywność wydzielniczą. Osteoblasty 

odpowiedzialne są za wydzielanie czynników transkrypcyjnych, które modulują aktywność 

resorpcyjną komórek kościogubnych. Wzajemna regulacja osteoblastów i osteoklastów 

została zbadana w modelu ko-hodowli mysich komórek MC3T3-E1 z mysimi komórkami 

4B12. Komórki 4B12 zostały scharakteryzowane jako niedojrzałe komórki kościogubne 

(pre-osteoklasty). Publikacja nr 2 jest zatem pierwszą próbą określenia roli cząsteczki 

miR-21-5p w procesie wzajemnej regulacji komórek kościotwórczych i kościogubnych 

w warunkach in vitro. 

W pierwszym etapie badań określono znaczenie cząsteczki miR-21-5p w ekspresji 

markerów kościotworzenia w komórkach MC3T3-E1 inkubowanych samodzielnie 

oraz w ko-hodowli z komórkami 4B12. W tym celu wyciszono ekspresję miR-21-5p 

z wykorzystaniem cząsteczek siRNA (ang. small interfering RNA), które dostarczono 

do komórek za pomocą nośnika lipidowego. Ekspresję genów badano w trakcie 

różnicowania komórek w kierunku tkanki kostnej. Analiz dokonywano po 3, 7 oraz 15 

dniach różnicowania. Wykazano, że po wyciszeniu ekspresji miR-21, komórki MC3T3-E1 

charakteryzowały się znacznie obniżoną ilością mRNA dla takich markerów jak: OCL (ang. 

osteocalcin), OPN (ang. osteopontin), COLL-1 (ang. collagen type 1) oraz RUNX-2 

(ang. runt-related transcription factor 2), zarówno hodowanych samodzielnie jak i w ko-

kulturze z komórkami 4B12 (P2: Ryc. 1). 

Zgodnie z dotychczasową wiedzą, komórki kościotwórcze regulują dojrzewanie 

komórek kościogubnych poprzez zmienną ekspresję markerów OPG (ang. osteoprotegerin) 

oraz RANKL (ang. receptor activator of nuclear factor kappa-Β ligand). Zwiększona 

ekspresja RANKL skutkuje dojrzewaniem komórek kościogubnych, co prowadzi 

do natężenia procesów degradacji tkanki kostnej. W przypadku większej ekspresji OPG, 

dojrzewanie komórek kościogubnych zostaje zahamowane. Z tego powodu, w publikacji  

nr 2 określono współczynnik ekspresji cząsteczek RANKL do OPG (poziomy 

transkryptów), który informuje o intensywności aktywacji komórek kościogubnych przez 

komórki kościotwórcze. Wykazano, że w badanych ko-kulturach współczynnik ten ulegał 

znacznemu obniżeniu, co było rezultatem osłabionego metabolizmu komórek MC3T3, 

który związany był z deficytem miR-21 – efekt ten odnotowany był w każdym badanym 

punkcie czasowym prowadzonych ko-hodowli (P2: Ryc. 2). Można zatem wnioskować, 

że cząsteczka miR-21-5p odgrywa istotną rolę również w regulacji aktywności komórek 

kościogubnych, zależnej od prawidłowego zróżnicowania komórek kościotwórczych. 

Wysoka ekspresja miR-21-5p warunkuje prawidłowe dojrzewanie komórek 
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kościotwórczych i aktywację szlaków niezbędnych dla przeżycia komórek kościogubnych. 

Cząsteczka miR-21-5p jest zatem czynnikiem niezbędnym dla prawidłowej przebudowy 

tkanki kostnej, gwarantującym homeostazę pomiędzy komórkami kościotwórczymi 

a kościogubnymi. 

Znaczenie miR-21 oceniono również w aspekcie tworzenia funkcjonalnej macierzy 

zewnątrzkomórkowej w hodowlach osteogennych. Za pomocą barwników – Alizarin Red 

oraz Safranina-O – wybarwiono odpowiednio złogi wapnia oraz proteoglikany, w celu oceny 

stopnia zmineralizowania. Potwierdzono, że wyciszenie miR-21 w hodowlach komórek 

MC3T3-E1 skutkowało znacznym pogorszeniem jakości wytworzonej macierzy 

komórkowej wyrażonej zmniejszoną ilością złogów wapnia (P2: Ryc. 3) 

oraz proteoglikanów (P2: Ryc. 4). Jednakże, w przypadku ko-hodowli z komórkami 4B12, 

po wyciszeniu ekspresji cząsteczki miR-21, stopień mineralizacji macierzy wzrósł. Stanowi 

to kolejny dowód, że cząsteczka miR-21-5p odgrywa znaczącą rolę nie tylko w procesie 

aktywacji komórek kościotwórczych, ale także zaangażowana jest w regulację dojrzewania 

komórek kościogubnych, odpowiedzialnych za demineralizację tkanki kostnej. 

W następnym etapie badań określono akumulację białek OPN oraz RUNX-2. 

Po rozdziale w żelu poliakrylamidowym, białko OPN rozszczepiło się na 3 podjednostki, 

natomiast RUNX-2 na 2 podjednostki. W przypadku białka RUNX-2 zaobserwowano jego 

obniżoną ekspresję po wyciszeniu miR-21 w prowadzonych ko-hodowlach komórek 

MC3T3-E1 i 4B12 (P2: Ryc. 5). W przypadku białka OPN stwierdzono obniżenie jego 

ekspresji po wyciszeniu miR-21, zarówno w hodowlach samodzielnych jak i ko-kulturach. 

Akumulację białka OPN określono także za pomocą technik immunofluorescencyjnych. 

Podczas obserwacji w mikroskopie konfokalnym potwierdzono jako mniejszą akumulację 

po hodowli komórek z inhibitorem miR-21 (P2: Ryc. 6).  

Końcowym etapem badań była analiza komórek kościogubnych linii 4B12. Za pomocą 

techniki qPCR wykazano, że podczas hodowli tych komórek z linią MC3T3-E1, która 

potraktowana była inhibitorem cząsteczki miR-21, ekspresja kluczowych markerów 

powiązanych z dojrzewaniem komórek i ich aktywnością degradacyjną została obniżona 

(P2: Ryc. 7). Co ciekawe, wzrósł także odsetek komórek apoptotcznych. Obserwacje 

pod mikroskopem konfokalnym potwierdziły obniżoną akumulację białka TRAP 

(ang. tartrate-resistant acid phosphatase), które zaangażowane jest w proces degradacji 

tkanki kostnej (P2: Ryc. 8). 

W niniejszej pracy doktorskiej, manuskrypt nr 2 stanowi pierwszy etap badań 

nad wyjaśnieniem roli cząsteczki miR-21-5p w procesie zachowania homeostazy w obrębie 
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tkanki kostnej. W pracy określono wpływ wyciszenia omawianej cząsteczki na proces 

różnicowania się mysich pre-osteoblastów linii MC3T3-E1 z uwzględnieniem ekspresji 

kluczowych markerów kościotworzenia oraz analizy formowania się funkcjonalnej, 

zmineralizowanej macierzy zewnątrzkomórkowej. Dodatkowo, określono wpływ miR-21 

na aktywność wydzielniczą komórek kościotwórczych i regulację procesu dojrzewania 

komórek kościogubnych. Badania opisane w pracy nr 2 potwierdzają kluczowy wpływ 

cząsteczki miR-21 na procesy regeneracyjne tkanki kostnej na poziomie komórkowym 

oraz stanowią podwaliny do kolejnych badań z wykorzystaniem komórek progenitorowych 

pobranych od zwierząt, u których homeostaza tkanki kostnej została zaburzona, co zostało 

przedstawione w publikacji nr 3 oraz publikacji nr 4. 

 

4.3. Publikacja nr 3: Sikora, M., Śmieszek, A., & Marycz, K. (2021). Bone marrow 

stromal cells (BMSCs CD45-/CD44+/CD73+/CD90+) isolated from osteoporotic 

mice SAM/P6 as a novel model for osteoporosis investigation. Journal 

of Cellular and Molecular Medicine, 25, 6634–6651. DOI: 10.1111/jcmm.16667 

 

W publikacji nr 3 opisano i scharakteryzowano model szpikowych komórek 

progenitorowych (BMSCs – bone marrow stem/stromal cells) izolowanych z myszy szczepu 

SAM/P6, jako odpowiedni model do badań in vitro z zakresu projektowania molekularnych 

terapii celowanych w leczeniu osteoporozy starczej i zależnej od niej złamań kości. Badania 

przedstawione w publikacji 3 opierały się na charakterystyce BMSCs izolowanych z myszy 

osteoporotycznych, które po raz pierwszy zostały porównane względem BMSCs 

wyizolowanych z dzikiego szczepu myszy zdrowych – BALB/c. Manuskrypt nr 3 stanowi 

kontynuację badań przedstawionych w publikacji nr 2, jednak aspekt aplikacyjności został 

znacznie podkreślony za sprawą wykorzystania komórek izolowanych z organizmu myszy, 

a nie ustalonych linii komórkowych – model ex vivo. Jednocześnie, praca nr 3 jest wstępem 

do badań nad znaczeniem cząsteczki miR-21-5p z wykorzystaniem mysich 

osteoporotycznych komórek izolowanych ze szpiku kostnego. 

We wstępie publikacji nr 3 nakreślono problem osteoporozy starczej. Zwrócono uwagę, 

że liczba osteoporotycznych złamań kości wzrasta w dramatycznym tempie i w przeciągu 

50 lat osteoporoza przyjmie charakter globalnej epidemii. Uwagę skierowano na populację 

komórek progenitorowych rezydujących w szpiku kostnym (BMSCs), które odgrywają 

kluczową rolę w procesie regeneracji tkanki kostnej oraz zachowania homeostazy. Z tego 

powodu, celem pracy nr 3 było wykazanie słuszności wykorzystania modelu BMSCs, 
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a w szczególności komórek izolowanych z myszy osteoporotycznych, jako odpowiedniego 

modelu in vitro, który pozwoli określić zarówno molekularne podstawy rozwoju 

osteoporozy, jak i zaproponować nowe, bardziej skuteczne rozwiązania terapeutyczne. 

Pierwszym etapem prowadzonych badań była izolacja komórek, 

które scharakteryzowano pod względem obecności markerów powierzchniowych typowych 

dla komórek mezenchymalnych, określono ich zdolność do różnicowania się 

oraz zmierzono aktywność metaboliczną. Wykazano, że BMSCs charakteryzowały 

się obecnością markerów powierzchniowych: CD44, CD73 i CD90 oraz nie posiadały 

markera CD45, co pozwala zaklasyfikować wyizolowane komórki do populacji 

progenitorowych komórek stromlanych. Na szczególną uwagę zasługuje obniżona ekspresja 

markerów CD44 i CD90 w komórkach wyizolowanych ze szpiku kostnego myszy 

osteoporotycznych SAM/P6 względem komórek wyizolowanych z myszy zdrowych 

BALB/c (P3: Ryc. 1). Co więcej, komórki osteoporotyczne charakteryzowały się niższą 

aktywnością metaboliczną zmierzoną za pomocą testu Alamar Blue oraz wykazywały 

znacząco niższą skłonność do różnicowania się w kierunku tkanki kostnej, jednocześnie 

efektywniej różnicowały się w kierunku tkanki tłuszczowej (P3: Ryc. 1). Można zatem 

wnioskować, że komórki BMSC izolowane od myszy SAM/P6 charakteryzują się 

fenotypem komórek starczych, co skutkuje obniżonym ich potencjałem regeneracyjnym. 

Analizy z zakresu immonofluorescencji oraz transkyptomiki wykazały w komórkach 

osteoporotycznych obniżoną ekspresję markerów kościotworzenia: RUNX-2 i OPN, 

oraz równocześnie podwyższoną ekspresję TRAP (P3: Ryc. 2, 3, 4). Ekspresja cząsteczki 

TRAP związana jest przede wszystkim z degradacyjną działalnością komórek 

kościogubnych (osteoklastów), jednakże udowodniono, że cząsteczka ta może służyć także 

jako wskaźnik stanu zapalnego, który jest charakterystyczny dla procesów 

osteoporotycznych. Dodatkowo, komórki izolowane z myszy SAM/P6 posiadały obniżoną 

ekspresję późnych markerów kościotworzenia: COLL-1 i OPG (poziomy mRNA), 

a znacznie podwyższony poziom transkryptu lnRNA: DANCR1, który jak wskazują 

najnowsze badania modeluje proces degradacji tkanki kostnej (P3: Ryc. 3, 4). 

Warto odnotować, że komórki wyizolowane z myszy SAM/P6 charakteryzowały się 

podwyższoną ekspresją wybranych cząsteczek miRNA. Szczególnie istotna wydaje się 

różnica w poziomach transkryptu dla miR-124-3p, który opisywany jest jako kluczowa 

cząsteczka miRNA biorąca udział w dojrzewaniu komórek kościogubnych i progresji 

osteoporozy (P3: Ryc. 4).  
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Następnie, przeprowadzono testy funkcjonalne oparte o analizy cytometryczne, 

których celem była analiza żywotności komórek, profilu apoptozy, stresu oksydacyjnego, 

aktywności kaspaz oraz polaryzacji błon mitochondrialnych. Wykazano, że BMSCs pobrane 

z myszy osteoporotycznych charakteryzowały się mniejszą żywotnością, lecz znacznie 

podwyższonymi procesami związanymi z programowaną śmiercią komórki (apoptoza) 

i podwyższonym odsetkiem komórek zawierających reaktywne formy tlenu (stres 

oksydacyjny) (P3: Ryc. 5). Ciekawy jest fakt, że pomimo intensyfikacji apoptozy 

w komórkach osteoporotycznych, poziom aktywacji kaspaz był znacznie obniżony 

(P3: Ryc. 6). Można zatem wnioskować, że w przypadku badanych komórek kluczową rolę 

odgrywa tzw. śmierć komórki niezależna od kaspaz (CICD – ang. caspase-independent cell 

death). Ten mechanizm apoptozy, jak również akumulacja reaktywnych form tlenu (ROS) 

w komórkach pobranych od chorych myszy, znajduje bezpośrednie powiązanie 

z depolaryzacją błon mitochondrialnych (P3: Ryc. 6). Potwierdza to także obniżona 

akumulacja białek MFN-1 oraz PINK1, które odpowiedzialne są za prawidłową dynamikę 

sieci mitochondrialnej, w tym procesów fuzji czy mitofagii.  

W manuskrypcie nr 3 opisano fenotyp BMSCs izolowanych od myszy chorujących 

na osteoporozę starczą. Mając na uwadze ograniczony dostęp do ludzkich komórek 

szpikowych o starczym fenotypie typowym dla osteoporozy, BMSCs izolowane z myszy 

SAM/P6 mogą z powodzeniem służyć w badaniach nad podłożem molekularnym 

tej jednostki chorobowej.  

 

4.4. Publikacja nr 4: Sikora, M., Śmieszek, A., Pielok, A., & Marycz K. (2023). 

MiR-21-5p regulates the dynamic of mitochondria network and rejuvenates 

the senile phenotype of bone marrow stromal cells (BMSCs) isolated from 

osteoporotic SAM/P6 mice. Stem Cell Research & Therapy, 14. DOI: 

10.1186/s13287-023-03271-1 

 

Publikacja nr 4 stanowi finalny etap badań zmierzających do wyjaśnienia biologicznej 

roli miR-21-5p w przebiegu regeneracji tkanki kostnej o znamionach osteoporozy starczej 

oraz stanowi bezpośrednią kontynuację badań przedstawionych w publikacji nr 3. Badania 

ex vivo zostały przeprowadzone w wykorzystaniem szpikowych komórek progenitorowych 

(BMSCs), które zostały wyizolowane z dwóch szczepów myszy, tj. z dzikiego szczepu 

BALB/c oraz ze szczepu SAM/P6 czyli myszy chorujących na osteoporozę starczą. Komórki 

wyizolowane ze szczepu BALB/c stanowiły zdrową kontrolę w stosunku do komórek 
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izolowanych z myszy SAM/P6. W celu określania wpływu cząsteczki miR-21-5p 

na potencjał regeneracyjny komórek progenitorowych zwiększano poziom jej ekspresji 

w komórkach pozyskanych z myszy chorujących na osteoporozę starczą (SAM/P6). 

Końcowym etapem eksperymentu było przeprowadzenie testów in vivo z wykorzystaniem 

modelu krytycznego ubytku czaszki (P4: Ryc. 7). 

Przed przystąpieniem do badań, określono fenotyp uzyskanych komórek poprzez analizę 

obecności antygenów powierzchniowych celem potwierdzenia multipotentnego charakteru 

wyprowadzonych hodowli komórkowych. Tak jak przedstawiono w publikacji nr 3, 

wyizolowane komórki szpikowe charakteryzowały się obecnością markerów CD44, CD73, 

CD90 oraz CD105, oraz bardzo niską akumulacją markera CD45. Następnie, określono 

poziom ekspresji miR-21-5p w tkance kostnej u myszy BALB/c i SAM/P6. Co ciekawe, 

przeprowadzone badania wykazały, że u myszy SAM/P6 poziom ekspresji miR-21-5p był 

znacząco wyższy niż u myszy BALB/c. Fakt ten można wyjaśnić zaburzoną homeostazą 

w obrębie tkanki kostnej u chorujących myszy – mimo nadmiernej ekspresji miR-21 procesy 

związane z degradacją tkanki kostnej, tj. wzmożona aktywność komórek kościogubnych 

przy jednoczesnej niskiej aktywności komórek kościotwórczych, są przyczyną do rozwoju 

osteoporozy starczej. Dodatkowo, przed przystąpieniem do testów funkcjonalnych 

potwierdzono skuteczność transfekcji miR-21-5p w hodowlach komórkowych. Analizy 

z wykorzystaniem mikroskopii konfokalnej udowodniły, że miR-21 zwiększa aktywność 

proliferacyjną BMSCs wyizolowanych z myszy osteoporotycznych, co wykazano poprzez 

podwyższoną akumulację białka Ki67 oraz większą ilość genomowego DNA 

zwizualizowanego za pomocą barwnika Hoechst 33342 (P4: Ryc. 1). Dodatkowo, 

żywotność komórek została określona poprzez współczynnik ilości mRNA dla markera 

BAX względem poziomu BCL-2 (tzw. „BAX/BCL-2 ratio”). Pod wpływem miR-21 

współczynnik ten obniżył się, co wskazuje na podwyższoną żywotność komórek. 

W kolejnym etapie pracy badano mechanizmy metaboliczne zaangażowane w regulację 

potencjału regeneracyjnego komórek senilnych pod wpływem cząsteczki miR-21. 

Wykazano, że zwiększona ekspresja miR-21 w znacznym stopniu obniża aktywność 

lizosomów oraz ekspresję markera lizosomalnego LAMP-2. Lizosomy są strukturami 

odpowiedzialnymi za degradację określonych struktur komórkowych w procesie wzmożonej 

autofagii. Dodatkowo, wykazano spadek ekspresji markera PPARγ (ang. peroxisome 

proliferator-activated receptor gamma), w przeciwieństwie do mTOR (ang. mammalian 

target of rapamycin kinase), którego poziom znacząco wzrósł. Obydwie cząsteczki 

są aktywnie zaangażowane w regulację procesów autofagii oraz mogą służyć jako 
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molekularne markery tego procesu (P4: Ryc. 2). Co istotne, wykazano, że miR-21 ma istotny 

wpływ na dynamikę sieci mitochondrialnych w badanych komórkach. Komórki izolowane 

z myszy SAM/P6 charakteryzowały się przewagą zdepolaryzowanych mitochondriów typu 

tubularnego (wydłużone), natomiast pod wpływem inkubacji z cząsteczkami miR-21 

mitochondria przyjęły morfologię typu globularnego, które są charakterystyczne 

dla komórek młodych i różnicujących się.54,55 Analiza przy użyciu mikroskopu 

konfokalnego wskazała na wysoki potencjał błonowy mitochondriów na skutek działania 

miR-21 (P4: Ryc. 2). 

Niezwykle ważnym elementem manuskryptu nr 4 było wykazanie roli miR-21-5p 

w procesie kościotworzenia (osteogenezy) oraz zachowania homeostazy w obrębie tkanki 

kostnej (P4: Ryc. 3 i 4). Wykazano, że pod wpływem miR-21 osteoporotyczne BMSCs 

chętniej różnicują się w kierunku tkanki kostnej, co zostało udowodnione poprzez 

wytworzenie wysokiej jakości macierzy zewnątrzkomórkowej bogatej w złogi wapnia 

oraz akumulację białka RUNX-2. Białko RUNX-2 jest wczesnym markerem procesu 

kosciotworzenia oraz bierze aktywny udział w regulowaniu procesu regeneracji tkanki 

kostnej. Dodatkowo, poziomy transkryptów dla cząsteczek OPG oraz OCL, które stanowią 

markery później osteogenezy również wzrosły. Na szczególną uwagę zasługuje zmiana 

ekspresji ALPL (ang. alkaline phosphatase), który uważany jest za wczesny marker 

różnicowania – jego podwyższoną ekspresję (poziom mRNA) zaobserwowano w przypadku 

komórek osteoporotycznych, natomiast obecność miR-21-5p znacząco obniżyła poziom 

ekspresji tej cząsteczki. Na tej podstawie można wnioskować, że miR-21 aktywuje ekspresję 

genów powiązanych w szczególności z późniejszymi etapami różnicowania się komórek 

i mineralizacji macierzy zewnątrzkomórkowej (P4: Ryc. 3). Istotny jest także fakt, 

że zwiększona ekspresja miR-21 ma wpływ na obniżoną ekspresję markerów 

odpowiedzialnych za różnicowanie się komórek kościogubnych (osteoklastów) oraz procesy 

degradacji tkanki kostnej. W pracy skupiono się także na poziomie transkryptu oraz 

akumulację białka dla cząsteczki TRAP, które były znacząco obniżone pod wpływem 

inkubacji komórek z cząsteczkami miR-21 (P4: Ryc. 4).  

Końcowym etapem badań było przeprowadzenie badań in vivo z wykorzystaniem 

modelu krytycznego ubytku czaszki. W trakcie prowadzenia badań w kościach 

ciemieniowych myszy wykonano dwa ubytki, które wypełniono materiałem alginianowym 

zawierającym cząsteczki miR-21-5p oraz kontrola niezawierająca miRNA. Analizy 

SEM-EDX oraz μ-CT wykazały, że obecność miR-21 w obrębie uszkodzonej tkanki 

w znaczącym stopniu wspomagała jej regenerację. Ubytki, w których umieszczono miR-21 
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charakteryzowały się większą ilością nacieków nowo powstałej tkanki kostnej oraz 

zwiększoną zawartością wapnia (Ca) i fosforu (P), które są podstawowymi budulcami 

hydroksyapatytu wchodzącego w skład tkanki kostnej. 

Podsumowując, praca nr 4 stanowi końcowy efekt badań prowadzonych w ramach 

niniejszej pracy doktorskiej. Po raz pierwszy wykazano, że cząsteczka miR-21-5p ma istotny 

wpływ na metabolizm BMSCs izolowanych z myszy osteoporotycznych, w tym na ich 

proliferację i żywotność, a w szczególności na metabolizm mitochondrialny, wyrażony 

dynamiką sieci mitochondrialnej i zmianami morfologii mitochondriów. Wykazano, 

że miR-21 wspomaga mineralizację macierzy zewnątrzkomórkowej oraz aktywuje ekspresję 

markerów odpowiedzialnych za zachowanie homeostazy w obrębie tkanki kostnej. Ważnym 

elementem badań była analiza stopnia regeneracji tkanki kostnej z wykorzystaniem modelu 

in vivo. Wykazano, że zwiększona ekspresja miR-21 zwiększa potencjał regeneracyjny 

szpikowych komórek progenitorowych, co może znaleźć swoje potencjalne zastosowanie 

jako przykład nowej strategii terapeutycznej w leczeniu osteoporozy starczej oraz zależnej 

od niej złamań kości.  
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5. Podsumowanie 

Osteoporoza starcza jest chorobą zależną od wieku, która najczęściej jest diagnozowana 

u osób po siedemdziesiątym roku życia i dotyczy zarówno kobiet, jak i mężczyzn. 

Najnowsze prognozy alarmują, że osteoporoza starcza jest drastycznie szybko rosnącym 

problemem zdrowotnym na całym świecie, który stał się jednym z najważniejszych 

zagadnień zdrowotnych i ekonomicznych. Jednakże, dostępne możliwości leczenia 

osteoporozy są wciąż niewystarczające. 

Główną przyczyną rozwoju osteoporozy starczej jest zaburzenie homeostazy aktywności 

komórek kościogubnych oraz komórek kościotwórczych. Dodatkowo wykazano, że wraz 

z wiekiem zmniejsza się potencjał regeneracyjny organizmu, co ma olbrzymi wpływ 

na pogorszenie samoodnowy populacji komórek progenitorowych rezydujących w szpiku 

kostnym (BMSCs), odpowiedzialnych za regenerację tkanki kostnej. Do tej pory 

zidentyfikowano liczne szlaki molekularne zaangażowane w proces osteogenezy, jednak ich 

osie są rozpatrywane na nowo w kontekście regulacji procesów kościotworzenia z udziałem 

miRNA. Obecnie, rozważa się wykorzystanie cząsteczek miRNA jako wiarygodnych 

markerów diagnostycznych oraz celów terapeutycznych w procesie projektowania 

skutecznych terapii celowanych i ukierunkowanych na leczenie osteoporozy oraz zależnej 

od niej złamań kości. Cząsteczką, która zwraca uwagę badaczy w tym zakresie jest 

miR-21-5p. Ocena roli tej cząsteczki w procesie osteogenezy komórek o fenotypie senilnym 

z obniżonym potencjałem regeneracyjnym była celem tej pracy doktorskiej. Badania miały 

na celu określenie roli miR-21 w regulacji głównych populacji komórek tkanki kostnej – 

komórek kościotwórczych i kościogubnych, jak również progenitorowych mobilizowanych 

ze szpiku kostnego. Praca doktorska ma charakter nowatorski i złożony – aspekt 

merytoryczny i badawczy został zaprojektowany tak, aby móc opisać rolę miR-21 

w regulacji kluczowych szlaków molekularnych związanych z przebudową kości. 

Tezę dowiedziono zarówno w badaniach prowadzonych w modelu in vitro, jak i in vivo.  

Cykl publikacyjny został zaprojektowany w sposób celowy i rozpoczyna go praca 

o charakterze przeglądowym, której celem było podsumowanie wiedzy na temat znaczenia 

niekodujących cząsteczek RNA w biologii tkanki kostnej i rozwoju chorób dotykających 

kości. Zwrócono uwagę na możliwość zastosowania wybranych miRNA jako ważnych 

czynników biologicznych w projektowaniu molekularnych terapii celowanych. W pracy nr 2 

opisano rolę cząsteczki miR-21-5p w aktywności metabolicznej i regeneracyjnej komórek 

MC3T3-E1 (pre-osteoblasty). Dodatkowo, wyjaśniono znaczenie miR-21-5p w regulacji 

dojrzewania komórek 4B12 (pre-osteoklasty), których aktywność resorpcyjna modelowana 
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jest przez komórki kościotwórcze z uwzględnieniem szlaku sygnałowego 

OPG/RANKL/RANK. W manuskrypcie nr 3 scharakteryzowano potencjał regeneracyjny 

BMSCs izolowany z myszy chorujących na osteoporozę starczą szczepu SAM/P6 względem 

komórek izolowanych z szczepu myszy zdrowych BALB/c. Stwierdzono znacznie 

upośledzone mechanizmy regeneracyjne, które są charakterystyczne dla komórek 

o fenotypie starczym. Dodatkowo, zaproponowano modele in vitro oraz in vivo, które mogą 

służyć do prowadzenia badań nad molekularnym podłożem rozwoju osteoporozy starczej 

oraz efektywnymi terapiami. W publikacji nr 4 będącej zwieńczeniem prowadzonych badań 

w pracy doktorskiej, określono rolę cząsteczki miR-21-5p w regulacji potencjału BMSCs 

o fenotypie senilnym ze szczególnym uwzględnieniem dynamiki sieci mitochondrialnej. 

Udowodniono, że miR-21-5p ma istotny wpływ na przywrócenie cech charakterystycznych 

dla zdrowych komórek progenitorowych, takich jak: wysoki potencjał regeneracyjny, 

wysoka żywotność czy skłonność do różnicowania się w kierunku komórek tkanki kostnej. 

Badania znalazły potwierdzenie w modelu in vivo z wykorzystaniem myszy SAM/P6.  

Praca doktorska wyjaśnia zaangażowanie cząsteczki miR-21-5p w procesie regeneracji 

tkanki kostnej o znamionach osteoporozy starczej ze szczególnym uwzględnieniem 

potencjału komórek kościotwórczych, kościogubnych oraz szpikowych komórek 

progenitorowych. W ramach pracy doktorskiej wykazano także zasadność wykorzystania 

modelu myszy senilnych szczepu SAM/P6 jako wiarygodnego modelu do badań 

nad podłożem osteoporozy starczej. Prowadzone badania mają zatem charakter aplikacyjny, 

zwracając uwagę na możliwość projektowania tzw. terapii „szytych na miarę”, które opierać 

się mogą o wykorzystanie biologicznie aktywnych markerów molekularnych 

np. mikroRNA. Co więcej, w ostatnim czasie zwraca się coraz większą uwagę na potencjał 

rzadkich nisz komórkowych, które mają kluczowe znaczenia dla kształtowania potencjału 

regeneracyjnego pacjentów. Na szczególną uwagę zasługują tzw. skeletal stem cells (SSCs), 

które dają początek innym grupom komórek macierzystych odpowiedzialnych np. za rozwój 

kości. Rzetelna analiza z zakresu zaangażowania tej populacji komórek w procesy 

przebudowy kośćca może przynieść niebagatelne korzyści w postaci alternatywnych metod 

terapeutycznych opierających się o przywrócenie naturalnych sił regeneracyjnych 

organizmu pacjenta. Z tego powodu, dalsze badania skoncentrowane nad przywróceniem 

naturalnego potencjału komórek macierzystych do regeneracji tkanki kostnej u pacjentów 

zmagających się z osteoporozą oraz zależnymi od niej złamaniami kości, wydają się w pełni 

uzasadnione i konieczne.  
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6. Wnioski 

Badania zrealizowane w ramach pracy doktorskiej związane były 

z określeniem znaczenia małych niekodujących cząsteczek RNA (miRNA) 

w procesie regeneracji tkanki kostnej i przebiegu osteoporozy na przykładzie 

cząsteczki miR-21-5p.  

Przeprowadzone badania uprawniają do sformułowania następujących wniosków 

końcowych: 

 

• Cząsteczka miR-21-5p bierze istotny udział w procesie aktywacji komórek 

kościotwórczych. Eksperymentalne zmniejszenie ekspresji miR-21-5p w komórkach 

linii MC3T3-E1 powoduje utratę ich zdolności regeneracyjnych (kościotwórczych), 

co przejawia się m.in. obniżoną mineralizacją macierzy zewnątrzkomórkowej 

oraz obniżoną ekspresją istotnych markerów kościotworzenia (RUNX-2, OCL, 

OPN, COLL-1). 

 

• Cząsteczka miR-21-5p zaangażowana jest w regulację aktywności komórek 

kościotwórczych i kościogubnych, co wyraża się przez podwyższoną ekspresję 

cząsteczek OPG i RANKL. Zmniejszenie ekspresji miR-21-5p obniża aktywność 

wydzielniczą komórek MC3T3-E1, co wiąże się z pogorszeniem żywotności 

komórek 4B12 oraz obniżeniem ilości transkryptów dla markerów osteolitycznych 

(TRAP, CTSK, CAII, MMP-9).  

 

• BMSCs izolowane z myszy osteoporotycznych szczepu SAM/P6 przejawiają 

oznaki starzenia się (fenotyp senilny), co znajduje odzwierciedlenie w obniżonej 

żywotności komórek progenitorowych, związanej z akumulacją reaktywnych form 

tlenu oraz zaburzoną dynamiką sieci mitochondrialnej, a finalnie skutkuje osłabioną 

zdolnością do różnicowania się komórek w kierunku tkanki kostnej i chrzęstnej. 

 

• Myszy szczepu SAM/P6, jak również pobrane z nich BMSCs mogą znaleźć 

zastosowanie jako wartościowe modele do badań nad molekularnym podłożem 

osteoporozy, jak również mogą umożliwić projektowanie nowych metod 

diagnostycznych i terapii celowanych dedykowanych chorobom metabolicznym 

kości. 
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• Cząsteczka miR-21-5p przywraca utracony potencjał regeneracyjny w BMSCs 

izolowanych z myszy SAM/P6. Zwiększenie ekspresji miR-21 w komórkach 

o fenotypie senilnym poprawia żywotność komórek i ich aktywność proliferacyjną, 

usprawnia dynamikę sieci mitochondrialnej i autofagii oraz zwiększa ekspresję 

markerów kościotworzenia i mineralizację macierzy zewnątrzkomórkowej 

(RUNX-2, COLL-1, OCL, OPG). 

 

• Regeneracja tkanki kostnej in situ może być sterowana poprzez dostarczenie 

miR-21-5p o działaniu pro-osteogennym, które przejawia się funkcjonalnym 

różnicowaniem komórek kościotwórczych oraz utworzeniem zmineralizowanej 

tkanki kostnej.  

 

• Implementacja cząsteczki miR-21-5p jako biologicznego czynnika modelującego 

prawidłową przebudowę i zachowanie homeostazy w obrębie tkanki kostnej może 

stanowić efektywną i celowaną formę terapii osteoporozy starczej oraz zależnej 

od niej złamań kości – tzw. terapia „szyta na miarę”. 
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Emerging knowledge indicates that non-coding RNAs,
including microRNAs (miRNAs) and long-noncoding RNAs
(lncRNAs), have a pivotal role in bone development and the
pathogenesis of bone-related disorders. Most recently, miRNAs
have started to be regarded as potential biomarkers or targets
for various sets of diseases, while lncRNAs have gained atten-
tion as a new layer of gene expression control acting through
versatile interactions, also with miRNAs. The rapid develop-
ment of RNA sequencing techniques based on next-generation
sequencing (NGS) gives us better insight into molecular path-
ways regulated by the miRNA-lncRNA network. In this review,
we summarize the current knowledge related to the function of
miRNAs and lncRNAs as regulators of genes that are crucial for
proper bone metabolism and homeostasis. We have character-
ized important non-coding RNAs and their expression signa-
tures, in relationship to bone. Analysis of the biological
function of miRNAs and lncRNAs, as well as their network,
will pave the way for a better understanding of the pathogenesis
of various bone disorders. We also think that this knowledge
may lead to the development of innovative diagnostic tools
and therapeutic approaches for bone-related disorders.

Bone disabilities are prevalent across the life-course and affect the
skeletal system. Predominantly, they can be a result of degenerative
conditions, trauma, developing cancers, and infections associated
with inflammations. Consequently, modern strategies of bone repair
have been intensively developed, especially in terms of osteogenic and
bone turnover molecular markers.1 The proper recognition of molec-
ular mechanisms engaged in the development of metabolic bone dis-
eases and bone cancers is crucial for development of new treatment
options. Many are commonly available, including palbociclib, which
is aimed at silencing cyclin-dependent kinase (CDK)4 and CDK6 in
breast cancer treatment.2 However, numerous treatment methods
based on molecular pathways still remain under investigation.

Recently, non-coding RNAs, including small non-coding RNAs (i.e.,
microRNAs [miRNAs]) and long non-coding RNAs (lncRNAs) have
gained recognition as another epigenetic layer of regulation in many
tissues, including bone. The biomarker validity of both circulating
792 Molecular Therapy: Nucleic Acids Vol. 21 September 2020 ª 2020
This is an open access article under the CC BY license (http://creati
and endogenous non-protein-coding RNAs is of great importance
in bone-related diseases and disorders, such as osteoporosis (OP),
rheumatoid arthritis (RA), or osteosarcoma (OS).3 miRNAs, as well
as lncRNAs, are considered to be important regulators of gene expres-
sion. Their ability to function as key players in the development of
pathological conditions has been discussed for many years. Therefore,
the high degree of involvement of non-coding RNAs in transcrip-
tomic activity is closely related to their use as prognostic and diag-
nostic factors. Despite recent advances in non-coding RNA studies,
the biology of these molecules still remains unclear.4 High-
throughput technologies, e.g., next-generation sequencing (NGS),
have led to the expansion of the understanding of the non-coding
RNA world. The proper combination of multidisciplinary and inter-
disciplinary approaches has proven essential in revealing the
complexity of the non-coding RNAs network and to support estab-
lishing the importance of their regulatory existence.5

The aim of this review is to highlight the connection between
miRNAs and lncRNAs, which is clearly observed in the course of os-
teogenesis. Both miRNA and lncRNA have potential as diagnostic
and prognostic markers, and thus growing evidence indicates that
they can be considered as therapeutic targets in bone-related diseases.
The clinical value and roles of non-coding RNAs are increasing,
especially in the field of regenerative medicine. In this review, we
emphasize emerging potential of non-coding RNAs as markers of
bone turnover in commonly occurring bone-related diseases, such
as osteoporosis, RA, and bone cancers (OS). In this review, we
describe the role of several miRNAs, classified as osteo-miRs. The re-
view summarizes the current knowledge about the function of miR-
21-5p (miR-21) miR-124-3p (miR-124), miR-203-3p (miR-203), and
miR-223-3p (miR-233) in bone biology. Moreover, we provide infor-
mation about the role of several lncRNAs closely connected with
bone metabolism. We described the function of differentiation
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Review
antagonizing non-protein-coding RNA (DANCR), taurine upregu-
lated gene 1 (TUG1), metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), and HOX transcript antisense intergenic
RNA (HOTAIR) in order to indicate their actual therapeutic poten-
tial. Non-coding RNAs presented in the review are widely considered
to be important markers affecting proper bone homeostasis in the
described bone diseases.

Additionally, we have presented current information regarding cross-
talk between selected miRNAs and lncRNAs, indicating their impor-
tant role as regulators of molecular pathways during osteogenesis.

As of the time of this writing, only 27 original studies were identified
by a literature search in PubMed’s collection of articles that are related
to non-coding RNA networks. The combined search terms were
“lncRNA” and “miRNA” and “network” and “bone.” To date, no re-
view study has been published that referred to all of the assumed re-
quirements. For this reason, in this review we decided to place an
emphasis on the connections linking non-coding RNAs and putative
mRNAs, which are essential for proper bone metabolism. In this
review, we have pointed out non-coding RNAs that have gained
attention as potential biomarkers of bone development or future ther-
apeutic targets.

Biological Functions of Non-coding RNAs

Biology of miRNA

miRNAs (miRs) are small endogenous non-coding molecules, 19–25
nt in size. Their main function is regulation of post-transcriptional
silencing of target genes. A single miRNA can target many mRNAs
and influence the expression of hundreds of genes involved in func-
tional signaling pathways essential for the survival, proliferation, or
differentiation of cells.6 For example, miR-15a and miR-16-1 are
considered to be crucial molecules that inhibit cyclin D expression
and suppress OS progression.7 It was proven that miRNAs regulate
the expression not only of mRNA, but also other non-coding RNAs
such as lncRNAs. For instance, it has been demonstrated that miR-
125b expression is negatively correlated with MALAT1 expression.
Furthermore, the HCA1 transcript level is highly associated with
miR-1 activity, due to a binding region for miR-1 in the HCA1 struc-
ture.8 The well-known mechanism of miRNA action reduces the
expression of targeted mRNAs. The miRNAs, due to their comple-
mentarity to the sequence of mRNAs, are able to interact with
them and regulate their expression. The most well-described mecha-
nism of miRNA-mRNA interaction is via the 30 UTR region of target
mRNAs, resulting in suppressed expression. Moreover, the interac-
tion of miRNAs with other regions, such as the 50 UTR, coding
sequence, and gene promoters, has also been noted.9 It has been
shown that miRNA interaction with the promoter region may induce
transcription in certain conditions.10 The described modes of
miRNA-mRNA interactions are still being studied in order to depict
their functional significance.

Single miRNAs may have a plethora of effects and can be regarded as
pleiotropic molecules. For example, miR-21 is a regulator of many
genes, inducing tumorigenesis, and thus is often considered to be a
major onco-miR. At the same time, it is an important molecule
regulating pro-osteogenic genes, facilitating the proliferation and dif-
ferentiation of osteoblast precursors.11,12 The levels of miRNAs are
regulated by mechanisms similar to other RNAs such as transcrip-
tional activation and inhibition, epigenetic repression, and degrada-
tion. It has been proven that a miRNA expression profile changes,
depending on the physiological state of the organism.13 Therefore,
they are often used as diagnostic markers, alone or with other mole-
cules, including mRNAs. For instance, tremendous metastatic poten-
tial of tumors is associated with a high miR-21 level and correlates
with elevated expression of cyclin D, which plays a key role during
cancer cell proliferation. It is therefore a valuable prognostic marker
associated with a poor prognosis.7

In the canonical miRNA biogenesis pathway, miRNA genes are tran-
scribed by Pol II (polymerase II). The long primary transcripts have a
local hairpin structure where the miRNA sequence is embedded. In
humans, many canonical miRNAs are encoded within introns of cod-
ing and non-coding transcripts. However, somemiRNAs are encoded
within exonic regions.9,14 After transcription, the primary miRNA
(pri-miRNA) is maturated by a nuclear microprocessor consisting
of an RNase III Drosha and a DGCR8 cofactor. The essential role
of miRNA during an organism’s development has been proven,
because deficiency of RNase III Drosha/DGCR8 causes lethality in
early embryogenesis.14 Following Drosha processing, the created
pre-miRNA is exported to the cytoplasm through exportin 5
(XPO5) and forms a transcript complex with guanosine triphosphate
(GTP)-binding nuclear protein. In the cytoplasm, pre-miRNA is
cleaved by Dicer (RNase III endonuclease). This processing involves
the removal of the terminal loop, resulting in small RNA duplex cre-
ation. Furthermore, the duplex generated by Dicer is loaded onto a
protein called AGO (Argonuate). This complex is known as RISC
(RNA-induced silencing complex).9,14 Meanwhile, the passenger
strand of the miRNA duplex is degraded and an active single guide
strand recognizes the mRNA transcript. This specific binding inhibits
translation and promotes the degradation of mRNA targets.15 The
biogenesis of miRNA may also occur by alternate, non-canonical
pathways, including both DROSHA-independent and DICER inde-
pendent processes; however, the role of non-canonical miRNAs in
bone biology is not well described.16

Furthermore, miRNAs are released into the bloodstream, in part
through active secretion. About 90% of extracellular miRNAs are
bound to AGO proteins, and only 10% are packed in apoptotic bodies,
exosomes, or high-density lipoprotein (HDL).17 Circulating miRNAs
actively regulate bone metabolism and thus can be regarded as “fin-
gerprints” for many bone-related diseases, such as osteoporosis or
bone tumors.17,18 Circulating miRNAs are effectively detectable in
liquid biopsies, including plasma, serum, and urine. These are mini-
mal or even non-invasive sources of biomarkers with great potential
for diagnostics and clinic application, because circulating miRNAs are
more stable in fluids. However, the levels of circulating miRNA are
lower than those found in tissues and cells. Nevertheless, liquid
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biopsies as a source stable and reliable markers gives a huge advantage
in terms of treatment of bone diseases in which biopsy may be
problematic.19

Given the fact that miRNAs are engaged in the progression of many
human diseases, they are a significant potential diagnostic and prog-
nostic factor. Moreover, recent technological advances have contrib-
uted to the significant growth of miRNA validity and enhanced
strategies of miRNA-dependent therapies.

Biology of lncRNAs

lncRNAs are a family of long (200–100,000 nt long) transcripts with
very low protein-coding potential and a structure similar to mRNA.
However, some lncRNAs can encode short peptides. Transcripts
derived from lncRNAs constitute 4%–9% of the mammalian genome,
in comparison to protein-coding sequences, which are 1% of the
genome.4 Recent studies have shown that lncRNAs play a crucial
role in developmental processes and that they are responsible for nu-
clear chromatin structure regulation as well as gene expression. None-
theless, there are also opinions that lncRNAs are transcriptional noise
and a by-product of RNA Pol II transcription.4 The expressed amount
of different lncRNAs varies in different tissues, indicating that they
are tissue-specific molecules, similarly to miRNAs. Furthermore,
the general amount of expressed lncRNAs in every cell is lower
than the quantity of miRNA transcripts. Moreover, interspecies ho-
mology of lncRNA sequences is relatively low compared to miRNAs.
Nevertheless, a certain degree of conservation in the promoter region
and exon area of lncRNAs is observed, which suggests that these mol-
ecules are biologically significant.4 lncRNAs are quite often abun-
dantly expressed in a controlled manner in cells, which have open
and active chromatin, such as stem or progenitor cells.20 lncRNAs
have been found to be highly expressed in embryonic stem cells, regu-
lating their renewal, differentiation, and pluripotent state. Moreover,
lncRNAs are expressed in a controlled manner, similarly to morpho-
794 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
gens, and have been indicated as crucial regula-
tors of various developmental pathways during
organogenesis.20 For example, it was shown that
lncRNAs are a vital regulator of osteogenesis
induced in a progenitor derived from a mesen-
chymal lineage.21 However, lncRNAs are also
identified as essential regulators of many
pathological processes such as osteoporosis or
osteoarthritis.22 Accumulating evidence has
demonstrated that dysregulation of lncRNAs
is an important component in the gene regulatory networks during
the development and progression of cancer. Thus, lncRNAs are being
considered as potential targets in terms of cancer treatment, or bio-
markers with diagnostic and prognostic potential.23

The mechanism of lncRNA action is highly complex and has not yet
been fully understood, due to initial knowledge about this type of
RNA. It is thought that lncRNAs affect mRNA functionality through
various pathways. It was proved that lncRNAs participate in gene
expression patterns at the transcriptional and post-transcriptional
levels.24 First, lncRNAs can recruit a chromatin remodeling complex
to specific sites and regulate the expression process. Second, lncRNAs
can regulate transcriptional expression through blocking the pro-
moter region, interacting with RNA-binding proteins, or regulating
the activity of transcription factors. Moreover, lncRNAs can form
double-stranded RNA complexes with mRNA at the post-transcrip-
tional level.4

Many efforts are being made in terms of clarification of the biological
function of lncRNAs, both as a regulator of essential developmental
pathways and as regulators of tumorigenesis. In this review, we sum-
marize the knowledge regarding the function of lncRNAs as pro-oste-
ogenic factors (Figure 1).

The Role of Selected Non-coding RNAs in Bone Biology and

Disease Pathogenesis

The maintenance of bone homeostasis is preserved by the activity of
non-protein-coding RNAs. Both miRNAs and lncRNAs are
extremely important factors that lead to proper cell functionality by
affecting the expression of crucial genes.13,23 However, the supportive
roles of several molecules have been explored more extensively.
Apparently, this is a result of certain dependencies that link these
non-coding RNAs into clear and well-established signaling pathways
essential for the maintenance of homeostasis. Moreover, researchers
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have started to pay attention to the specific crosstalk between
lncRNAs, miRNAs, and targeted mRNAs. More recent studies have
started to show the great importance of specific non-coding RNAs
and their relationship with regulated genes.23,24 Additionally, it has
been proven that miRNAs significantly modulate mRNA expression,
while lncRNAs are responsible for the functioning of both miRNAs
and mRNAs.

The essential functions of miR-21 and miR-124 in bone tissue turn-
over were previously described in detail.25,26 This pair of miRNAs
works in an opposite way and takes part in bone-dependent disease
progression. miR-21 is known from its engagement in the process
of osteogenic differentiation of bone marrow-derived mesenchymal
stem cells (BMSCs), as well as maintaining proper bone remodeling.
However, it can also contribute to the development of bone neo-
plasms. In contrast, miR-124 leads to aggressive osteoclast invasion,
which leads to active bone resorption and bone metabolism disorders,
such as osteopenia or osteoporosis. Furthermore, the potential osteo-
genesis modulatory abilities of miR-203 and miR-223 remain under
investigation and need to be clarified in subsequent experimental an-
alyses. This pair of miRNAs actively participates in both processes,
i.e., bone mineralization and bone resorption; however, the regulatory
roles of these molecules remain unclear. Furthermore, TUG1,
MALAT1, and HOTAIR are lncRNAs that are among the important
regulators of tumorigenesis.21 They are regarded as future molecular
targets with extremely high prognostic and diagnostic potential. In
addition, the lncRNA DANCR is known for its essential engagement
into the bone turnover dysregulation that leads to systemic bone dis-
order development, e.g., osteoporosis (Figure 2).4

The mechanisms of action of these molecules strictly refer to bone-
related disorders, and for that reason they are broadly described in
this review. Data referring to the molecular network of presented
molecules is also provided.

miR-21

The role of miR-21 as a molecule regulating osteogenesis has been
widely investigated, due to an important connection between miR-
21 expression and development of bone disorders, such as osteopo-
rosis, osteoarthritis, or bone cancers. The role of miR-21 has been
tested using various osteoprogenitor cells. For example, it was shown
that miR-21 promotes the level of osteogenic differentiation and in-
creases matrix mineralization in osteogenic cultures of mouse pre-os-
teoblasts, i.e., the MC3T3-E1 cell line. The study showed that Smad7,
which inhibits transforming growth factor b (TGF-b) signaling, is a
direct target of miR-21 in MC3T3-E1 cells. Similarly, it was shown
that miR-21 is crucial for mineralization capability of BMSCs, and
that this process is also regulated by the Smad7-Smad1/5/8-runt-
related transcription factor 2 (Runx2) pathway. Our recent data
showed complex engagement of miR-21 in the process of osteo-
blast-osteoclast coupling.25 We have confirmed previous studies
showing that inhibition of miR-21 expression in MC3T3-E1 cells
causes a decrease in mRNA expression of crucial osteogenic markers,
such as osteocalcin (Ocl), osteopontin (Opn), collagen type I, and
Runx2. Furthermore, we confirmed that MC3T3-E1 cells with low-
ered expression ofmiR-21 did not support the osteoclastogenesis pro-
cess, which might be related to the fact that its targets, such as Opn or
receptor activator of nuclear factor kB ligand (RANKL), are regulated
in a dynamic manner in the process of osteogenesis.25

Other studies conducted with the use of MSCs have shown similar
close dependencies. In human BMSCs (huBMSCs) the elevated
expression of miR-21 affects the overexpression of typical osteogenic
markers, such as RUNX2 or osteonectin (OCN).27,28 Additionally, the
key targets of miR-21, including SRY-box 2 (SOX2), one of the four
genes promoting induced pluripotent stem cells (iPSCs), and sprout
homolog 2 (SPRY2), negatively regulate the extracellular signal-regu-
lated kinase-mitogen-activated protein kinase pathway.27 Further-
more, the overexpression of miR-21 can repress the expression of
interleukin (IL)-6 and IL-8, which are involved in the Wnt signaling
pathway. Moreover, Wnt signaling is highly engaged in cell commit-
ment and maintenance of bone homeostasis. Therefore, therapy
based onmiR-21 delivery could simultaneously relieve the symptoms
of RA.29,30

In contrast, miR-21 plays a vital role in FLS (fibroblast-like synovio-
cyte) invasiveness and significantly affects the expression of matrix
metalloproteinases. Moreover, the inhibition of miR-21 activity
downregulates the expression of TGF-b and Smad5 but increases
the Smad7 transcript levels.30 Thus, inhibition of miR-21 could serve
as a favorable therapeutic target diminishing FLS metabolic activity
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 795
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and lowering the symptoms of joint diseases. Moreover, miR-21
seems to be a crucial factor that affects the expression of pro-inflam-
matory cytokines, both in vitro and in vivo during periodontitis.31

miR-21 is commonly known as an oncomiR and is significantly over-
expressed in many cancers, including OS.11 The high level of miR-21
is correlated with initial metastasis, poor response to neoadjuvant
chemotherapy, and reduced overall survival rate.32 The expression
of miR-21 is also positively correlated with the presence of lung me-
tastases in OS patients. Therefore, it can serve as a potential
biomarker for the early diagnosis of OS and considered to be a future
anti-cancer target.32,33

Bearing in mind the significance of miR-21 in bone homeostasis
maintenance, novel kinds of molecular therapy have been developed.
miR-21 can be used not only as diagnostic factor in cancer therapy,
but especially as an important therapeutic target in many bone dis-
eases. Modern methods based on targeted miR-21 inhibition can
improve the effectiveness of common anti-cancer therapies and in-
crease the survivability of patients.34,35 Furthermore, the targeted de-
livery of miR-21 can produce excellent results in the regeneration of
bone fractures.36,37

miR-124

miR-124 is a highly conserved miRNA, and it is overexpressed in
many cancers, such as breast cancer, gastric cancer, or glioblastoma.38

Other reports have demonstrated that miR-124 has a strong inhibi-
tory effect on various human neoplasms, such as gliomas, sarcomas,
or liver cancers.39–41 Researchers have found various roles of miR-
124, e.g., cell cycle arrest, epithelial-to-mesenchymal transition
(EMT), cancer stem formation, induction of apoptosis, or even
metastasis creation. Therefore, it might be regarded as a good target
for designing novel anti-cancer therapeutic strategies.38 In bone can-
cers, miR-124 is considered to be potential anti-cancer agent for OS
treatment, due to suppressing growth and aggressiveness of this can-
cer cells.41,42 Transfection of miR-124 significantly decreases integrin
expression and inhibits OS growth, proliferation, migration, and for-
mation of metastases. It also attenuates OS resistance to various
drugs, such as tunicamycin, by downregulation of P53 and Bcl-2
genes.41 Additionally, miR-124 suppresses TGF-b expression in tu-
mor cells.41 The inhibition of OS aggressiveness suggests that miR-
124 can be a potential anti-cancer target for OS therapy. Moreover,
it was also demonstrated that miR-124 negatively regulates the pro-
cess of osteogenesis and proper bone regeneration of BMSCs.43

miR-124 negatively affects osteogenic differentiation of MSCs and
in vivo bone formation. It acts as an endogenous attenuator of several
genes belonging to the homeobox transcription factor gene family,
e.g., Dlx5, Dlx3, and Dlx2 expression, by binding the 30 UTRs of these
genes.26 The members of the DLX gene family are responsible for
bone development and the healing of fractures. For this reason,
miR-124 is considered to be an anti-osteogenic molecular marker.
In addition, miR-124 targets CDK2 (cyclin-dependent kinase 2) and
MPC-1 (monocyte chemotactic protein-1), which are involved in
the inflammatory process in RA.44 Previous studies have indicated
796 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
that miR-124 directly targeted osterix (Osx) expression. Osterix is
expressed by osteoblasts and is predominantly responsible for bone
formation and homeostasis by promotion of osteoblast differentiation
and maturation.45 Therefore, the therapy based on knockdown of
miR-124would be themost efficient in treatment of both osteoporosis
and RA.

Interestingly, the high concentration of miR-124 downregulates the
expression of glycogen synthase kinase 3b (GSK-3b). This molecule
is a significant marker leading to inhibited differentiation of ligament
fibroblasts into osteoblasts. Hence, high expression of miR-124 can
accelerate the progression of ankylosing spondylitis, which is con-
nected with spastic and spinal joint disabilities, as well as pathological
ossification.46

miR-203

miR-203 overexpression is primarily related to downregulation of
Runx2 expression, the key factor in osteogenesis.47 Laxman et al.48

proved that overexpression of miR-203 inhibits osteoblast differenti-
ation, whereas inhibition of miR-203 stimulates alkaline phosphatase
(ALP) activity and bone matrix mineralization. It was also shown that
miR-203 negatively regulates BMP-2 (bone morphogenetic protein 2)
expression by suppressing Dlx5, which is one of the key factors in
bone repair. However, miR-203 was also found to be essential in
the shift from osteogenic differentiation to adipogenic differentiation
of BMSCs in postmenopausal osteoporosis. The transfection of miR-
203 led to elevated expression of osteogenic genes such as Runx2 or
ALP in osteoporotic samples.49 Furthermore, themiR-203 level is up-
regulated in RA-delivered tissues.50 Elevated levels ofmiR-203 lead to
increased secretion of matrix metalloproteinase (MMP)-1 and IL-6
via the nuclear factor kB (NF-kB) pathway and in this way activate
the phenotype of synovial fibroblasts in RA.51 Hence, miR-203 plays
the role of a pro-inflammatory and joint-destructive factor in RA.
miR-203 is also associated as a strong tumor suppressor. Huang
et al.52 have shown that transfection of miR-203 inhibits TGF-
b-induced EMT, migration, and invasive ability in non-small-cell
lung cancer by targeting Smad3. However, it was also shown that
miR-203, predominantly associated with EMT, was significantly
elevated in plasma samples of ovarian cancer patients.53 Moreover,
miR-203 acts as a strong tumor suppressor in OS cells, regulating
RUNX2 and RAB22A expression.54,55 Moreover, Liu and Feng
(2015) indicated anti-tumor properties of miR-203 in OS cell lines
and tissues. miR-203 targets TANK binding kinase 1 (TBK1), which
was found to be upregulated in OS samples.56 In this way, miR-203
may act as a novel molecular target in bone cancer treatments.
Furthermore, analyses conducted on rat BMSCs suggested that
miR-203 is highly engaged in downregulation of phosphatidylinositol
3-kinase (PI3K) expression. Hence, it may decrease the PI3K/Akt
signaling pathway and impair the viability of BMSCs, an extremely
important population of progenitor cells ensuring proper bone meta-
bolism and regeneration.57

Nevertheless, bearing in mind the dual and complex nature of miR-
203 in osteogenic differentiation, as well as its significant impact on
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the serious progression of metabolic diseases and development of
various neoplasms, further in-depth analyses targeted on miR-203
must be conducted.

miR-223

Moran-Moguel et al.58 proved that overexpression ofmiR-223 signif-
icantly inhibits osteoclastogenesis in osteoporosis patients. miR-223
promotes osteoblast differentiation of murine MC3T3-E1 cells by
regulation of HDAC2 (histone deacetylase 2). HDAC2 acts as a nega-
tive regulator of osteogenesis.59 However, miR-223 is additionally
engaged in osteoclast differentiation by promotion of CSFR1/
M-CSFR expression.18 On account of the dual effect in stimulating
osteoclast differentiation and inhibiting osteoblast differentiation,60

the role of miR-223 as a novel therapeutic target should be further
analyzed. In addition, it has been shown that miR-223 can prevent
joint destruction in RA patients.58 miR-223 is downregulated in
serum collected from RA patients, but it is significantly upregulated
in patients with anti-TNF therapy.61,62 When it comes to bone neo-
plasms, miR-223 could be a novel pharmacological marker of OS,
due to inhibition of metastasis progression.63,64 It was found that
miR-223 decreased the expression of PARP1, CtIP, and Pso4, which
are significant components of alternative non-homologous end
joining (aNHEJ). In most cells, the high level of miR-223 represses
aNHEJ, decreasing the risk of chromosomal translocation and
reducing the probability of the development of malignancy.65 How-
ever, miR-223 represents a crucial component of multiple myeloma
development. It was shown that the miR-223 transcript level was up-
regulated in huBMSCs delivered from multiple myeloma patients.
This could be a result of a senescence-like state that is induced by acti-
vation of stromal cells by multiple myeloma cells. Moreover,miR-223
seems to regulate important tumor-supportive cytokines, such as
VEGF and IL-6.66

lncDANCR

The last evidence suggested that DANCR is one of the vital factors
involved in the process of cell differentiation. It plays a crucial role
in osteogenic differentiation of various types of cells, including
stem cells. Furthermore, its contribution to the onset and develop-
ment of osteoporosis is increasingly recognized. The downregulation
of DANCR promotes the osteogenic differentiation of human peri-
odontal ligament stem cells and human fetal osteoblastic cells. It
has been shown that high expression ofDANCR suppresses the differ-
entiation of human dental pulp cells (hDPCs) by the Wnt/b-catenin
signaling pathway into odontoblast-like cells. Moreover, upregulation
of the DANCR transcript level blocked mineralized nodule formation
and the expression of crucial odontoblast markers, such as DMP-1
and DSPP.67 Additionally, DANCR knockdown enhances the levels
of mRNA expression of osteogenic marker genes and mineralized
matrix deposition in huBMSCs.24,68 Silva et al.69 have demonstrated
that DANCR is overexpressed in monocytes in osteoporosis. Impor-
tantly, research has shown that media delivered from monocytic
cell cultures, which have overexpressed DANCR, are characterized
by increasing bone-resorbing activity in mouse bone cultures. The
high level of this non-coding RNA is related to a significant and sud-
den increase of TNF-a expression, which is one of the most important
inflammatory markers. The high expression of TNF-a is predomi-
nantly associated with osteoclast differentiation during osteoporosis
progression. Furthermore, DANCR promotes RANKL-induced
osteoclast formation, which also affects the development of osteopo-
rosis.69 TNF-a is additionally strongly correlated with the develop-
ment of RA, and it is called the “top of a pro-inflammatory cascade,”
which means that this molecule plays a crucial role in the cytokine
network of RA.70 Inhibition ofDANCR expression, for example using
antisense molecules blocking the DANCR expression, may yield satis-
factory results in osteoporosis, as well as RA therapy. Importantly,
note that lncDANCR is also highly engaged in OS cell proliferation.71

It binds miR-33a-5p, which leads to upregulated expression of AXL
(AXL receptor tyrosine kinase). AXL is abnormally expressed in OS
patients, regulates tumor cell self-renewal, and indicates a poor prog-
nosis. Additionally, due to AXL upregulation, it enhances expression
of proteins in the AXL-Act pathway.71 This signaling pathway regu-
lates colony formation and EMT of the cancer stem cells (CSCs). On
account of these facts, it seems to be a key molecule in many bone
pathological pathways, including bone cancers.

lncTUG1

TUG1 is an evolutionary conserved and common lncRNA present in
various osteogenically induced MSCs, such as PDLSCs (periodontal
ligament stem cells) or TPSCs (tendon stem/progenitor cells).72,73 It
is considered to be a key factor facilitating the osteogenic differentia-
tion of progenitor cells. It was shown that TUG1 positively regulates
Runx2 expression by sponging the miR-204-5p. Therefore, one of the
therapeutic strategies for the treatment of fractures in osteoporotic
patients included a combination of pro-TUG1 and anti-miR-204 ther-
apy at the same time, as a novel bone recovery approach.24 Sacchetti
et al.74 have proved the validity of the miR-204-Runx2 axis, as well as
the miR-211-Runx2 axis, in osteoporosis progression. Investigations
carried out on murine MSCs indicated that enforced expression of
miR-204 inhibited osteogenesis and rescue adipogenesis of the cells.
The intrinsic properties of MSCs are significantly altered in postmen-
opausal osteoporotic patients. They are characterized by poor osteo-
genic capability and increased adipogenic abilities. It is also known
that osteoporosis and obesity often occur together.75 Therefore, future
treatment methods of osteoporosis should be focused not only on
elevation of the osteogenic abilities of MSCs, but on their inhibition
of adipogenesis as well. Similarly to miR-204, the miR-211 molecule
is also negatively associated with Runx2 expression.74 The high levels
of these markers are associated with low Runx2 level and dysregulated
osteogenic processes. However, TUG1 is abnormally overexpressed in
OS cells, which pathogenically upregulates the Runx2 transcript
level and promotes the development of OS.24,76 Li et al.77 indicated
that the overexpression of TUG1 is associated with miR-132/SOX4
axis dysregulation. Lowered expression of miR-132-3p is associated
with TUG1 overexpression, and this has a great impact on SOX4
upregulation and OS progression. The knockdown of TUG1 also
markedly inhibits the expression of the MET and phosphorylated
(p-)AKT signaling pathway, which is revealed by increased apoptosis
rate and cell growth suppression in OS cell lines Saos-2 and MG-63.
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 797
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Additionally, the inhibition of TUG1 expression significantly reduces
the cisplatin resistance of these OS lines.78 Furthermore, TUG1 is
associated with poor prognosis for osteoarthritis patients, and the
elevated expression of this lncRNA promotes osteoarthritis-induced
degradation of chondrocyte extracellular matrix via the miR-195/
MMP-13 axis.79

lncMALAT1

The lncRNAMALAT1 is a molecule predominantly considered to be
an important amplifier of osteogenic differentiation of cells.MALAT1
functions as a sponge molecule of miR-204-5p and upregulates the
expression of Smad4 (mothers against decapentaplegic homolog 4).
The same sponging abilities against the miR-204-5p molecule are
shown by lncTUG1.24 Smad4 activation promotes the expression of
ALP and Ocl, considered to be essential osteogenic markers. Thus,
MALAT1 promotes bone formation and mineralization. This way,
another alternative OP treatment could be based on pro-lncMALAT1
and anti-miR-204-5p therapy.4 Moreover, MALAT1 sponges miR-30
and promotes osteoblast differentiation of ASCs (adipose tissue-
derived MSCs) by significant promotion of Runx2 expression.80

Interestingly, MALAT1 is responsible for downregulating miR-124
expression, therefore affecting ALP, Runx2, and Opn levels and
finally promoting osteogenesis of MSCs.81 The coupling mechanism
between MALAT1 and miR-124 could be a remarkable and efficient
direction for future osteoporosis therapy. Furthermore, MALAT1
expression was proven to be reduced in synovial tissues of RA pa-
tients.82 Li et al.82 indicated that knockdown ofMALAT1 could stim-
ulate the expression of pro-inflammatory cytokines, including IL-6,
IL-10, and TNF-a. MALAT1 could also suppress the expression of
CTNNB1 and modulate the Wnt signaling pathway. These findings
suggest an inhibitory effect of MALAT1 on the proliferation and
inflammation of FLSs, which participate in the pathogenesis of RA,
by inhibiting the Wnt pathway. Thus, MALAT1 is suggested to be a
perfect candidate for an OP and RA therapeutic target.

In contrast, in cartilage tissues collected from healthy and osteoar-
thritis patients, MALAT1 was shown to be significantly upregulated.
Moreover, MALAT1 inhibits miR-150-5p expression, which has a
great impact on elevated AKT3 expression. Thus,MALAT1 is respon-
sible for cartilage cells apoptosis, extracellular matrix degradation,
and osteoarthritis development via the miR-150-5p/AKT3 axis.83

However, it was additionally proven thatMALAT1 promotes the cre-
ation of metastases in OS patients.84 Upregulation of this molecule is
associated with a high expression level of SOX4 or activation of the
Wnt/b-catenin signaling pathway.85,86

lncHOTAIR

HOTAIR is considered to be a significant diagnostic marker for many
neoplasms, including breast cancer, cervical cancer, or colorectal can-
cer.87–89 Moreover, HOTAIR is considered to be one of the first tu-
mor-related lncRNAs to have been discovered. It is associated with
metastasis development and poor patient prognoses. In OS,
HOTAIR was detected to be upregulated and coupled with P53
expression. This indicatesHOTAIR involvement in the P53-mediated
798 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
apoptosis pathway in OS cells.90 It has been proved thatHOTAIR pro-
motes the proliferation and invasion of OS cells by the AKT/mTOR
signaling pathway.91 However, it is also involved in bone regeneration
from MSCs.4 HOTAIR reduces the expression of miR-17-5p and ele-
vates the Smad7 transcript level at the same time, and thus Smad7 is a
target of miR-17-5p. Smad7 is an important factor that reduces oste-
ogenic potential of the bone. Therefore, the knockdown of HOTAIR
significantly upregulates the expression of miR-17-5p, suppresses
Smad7 activity, and finally increases the transcript levels of Runx2,
collagen 1, and ALP.4,92 Furthermore, HOTAIR is considered to be
an important factor in alleviation of RA. It was noted to be downre-
gulated in lipopolysaccharide (LPS)-treated chondrocytes and RA
mice. However, the transfection of HOTAIR increased cell prolifera-
tion and inhibited inflammation in RA mice. It can play a protective
role in RA by regulation of the NF-kB signaling pathway.
HOTAIR reduces the expression of miR-138, which activates
HDAC4/PGRN or HDAC4/NF-kB signaling.93 It also inhibits the
P65, Il-1b, and TNF-a transcripts,94 which participate in the develop-
ment of RA. In contrast, it has been shown that HOTAIR is upregu-
lated in osteoarthritis patients and indicates elevated expression of
MMPs, as well as chondrocyte apoptosis. Therefore, the silencing of
lncRNA HOTAIR could result in better prognoses for osteoarthritis
patients.95

Table 1 summarizes the involvement of selected non-protein-coding
RNAs in the maintenance of bone homeostasis. Their functionality in
the course of osteogenesis and tumorigenesis is summarized. Addi-
tionally, we mention their targets and examined cell lines (Table 1).

Crosstalk between miRNAs and lncRNAs for Proper Bone

Homeostasis

Non-coding RNAs are emerging as critical regulators of processes
associated with bone metabolism, able to modulate complex cellular
processes. Both miRNAs and lncRNAs act as fine-tuning molecules
playing a crucial role in governing the expression of bone-related
genes. It has been reported that lncRNAs are species-specific regula-
tors of various metabolic processes. They may function as competing
endogenous RNAs (ceRNAs) that can interact with mRNAs by
competitively binding their common miRNAs. In bone tissue, non-
coding RNAs are responsible for processes that are crucial for proper
musculoskeletal system functions, such as bone turnover or tissue
regeneration. However, minor shortcomings in the functionality of
expanded networks between non-coding RNAs and mRNAs may
contribute to pathological changes of the tissue structure. In addition,
miRNAs and lncRNAs regulate the proliferation and differentiation
of bone-forming and bone-resorbing cells.96

lncMALAT1 serves as a sponge for miR-30 and miR-124 and elevates
the differentiation of osteoblasts. In addition, MALAT1 inhibits the
activity of miR-204 and thus increases the Smad4 level, which finally
leads to proper osteoblast functionality.4,80,81 Furthermore, miR-204
as well as miR-211 are blocked by lncTUG1.24,74 Therefore, TUG1
serves as a positive factor in osteoblast activity and proper bone
mineralization. lncHOTAIR sponges miR-17-5p, which leads to
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Table 1. List of Selected Non-coding RNAs, Their Functions, and Targets

ncRNA Impact on Osteogenesis
Role in
Tumorigenesis Examined Cell Lines Targets References

miR-17-5p downregulation oncogene
huASCs, MC3T3-E1, MG-63, U-2 OS, Saos-2,
143B

BRCC2, BMP-2, SMAD7, Wnt/b-catenin
signaling

100–104

miR-21
upregulation downregulation
(?)

oncogene
huBMSCs, MC3T3-E1, 4B12, MG-63, U-2
OS, Saos-2, HOS, 143B

SMAD family proteins, RUNX2, OCN, OPN,
OCL, COLL-1, MMP-9, OPG, RANKL,
RANK, IL-6, IL-8

25,27,29,30,105

miR-124 downregulation suppressor gene huBMSCs, MG-63
TGF-b family proteins, DLX family proteins,
OSX, CDK2, MPC-1

26,41,43–45

miR-149 downregulation suppressor gene
raBMSCs, MG-63, U-2 OS, Saos-2, HOS,
143B

ERK/MAPK signaling, SDF-1, PI3K/AKT
pathway

106–108

miR-203 upregulation downregulation suppressor gene huBMSCs, huH226, MG-63, U-2 OS, Saos-2
RUNX2, DLX5, MMP-1, SMAD3, TGF-b
family proteins, IL-6, RAB22A, TBK1

47,49,51,54–56

miR-223 upregulation downregulation suppressor gene MC3T3-E1, huBMSCs, 143B, U-2 OS HDAC2, CSFR1/M-CSFR, CDH6 18,58,59,63,109

lncDANCR downregulation oncogene huBMSCs, human monocytes, 143B
TNF-a, RANKL, miR-33a-5p, miR-216a-5p/
SOX5

69,70,110

lncTUG1 upregulation oncogene
huPDLSCs, huTPSCs, huBMSCs, MG-63, U-
2 OS

miR-204, miR-211, miR-132/ SOX4, RUNX2, 24,74,77

lncMALAT1 upregulation oncogene
huASCs, huFLSs huFOB1.19, MG-63, U-2
OS, Saos-2

miR-204, SMAD4, miR-30, miR-124, IL-6,
IL-10, TNF-a, CTNNB1

4,81,82

lncHOTAIR downregulation oncogene huBMSCs, huAVICs, MG-63
miR-138, miR-204, miR17-5p/SMAD7 axis,
Wnt/b-catenin signaling, NF-kB signaling

4,92,94,111

lncH19 upregulation oncogene
raBMSCs, raEMSCs, MG-63, U-2 OS, Saos-2,
HOB

Wnt/b-catenin signaling, miR-138, miR-149/
SDF-1 axis

107,112–115

ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; AVIC, aortic valve interstitial cell.
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increased Smad7 transcript levels. This signaling pathway results in
downregulated osteogenic potential of the bone.4 lncDANCR posi-
tively regulates osteoclast differentiation by upregulating TNF-a.
Furthermore, DANCR elevates the RANKL/OPG ratio via sponging
OPG and downregulating RANKL. It leads to upregulated osteoclast
activity and facilitates bone resorption.69 Moreover, miR-21 also ele-
vates the RANKL/OPG ratio; however, it is also considered to be a
crucial factor that positively affects osteoblast activity and enhances
the mineralization of bone tissue.25

Despite the critical driving force of the non-coding RNA network in
bone-dependent disease progression, attention is more often paid to
single nucleotide polymorphism (SNP), which is a common genetic
variation. This is considered to be an important factor that modulates
susceptibility to serious diseases, e.g., cancers.97 For instance, it has
been proven that the SNP of miR-124a significantly affects the risk
and determines the prognosis of OS.98 Moreover, a single miRNA
can differ at the 50 or 30 terminus by minor changes. This can result
in the formation of isoform of specific miRNA (iso-miR). The
numerous variants of single miRNAs could be associated with disease
progression; however, more in-depth studies are required to explore
iso-miRs as future therapeutic targets.99

Conclusions

It is estimated that around 70%–90% of mammalian genomes are
transcribed, but the vast majority of transcripts do not code proteins.
The rapid development of molecular biology techniques, especially
next-generation sequencing technologies such as RNA sequencing
(RNA-seq), makes it possible to verify that non-coding transcripts
are not only junk or “transcriptional noise,” but also essential regula-
tors of gene expression. Non-coding RNAs are engaged in many
important biological processes, providing a unique regulatory mech-
anism for genes coding proteins, including morphogens and growth
factors, which assure the proper development as well as homeostasis
of an organism. There is a great need to explore this enormous world
of functional classes of non-coding RNAs. In our opinion, special
attention should be devoted to the identification and analysis of cross-
talk between miRNAs, lncRNAs, and putative target genes. Evalua-
tion of this functional network is crucial, notably in the view of better
understanding of the molecular basis for the pathogenesis of lifestyle
diseases, such as osteoporosis and RA. The analysis may also provide
novel panels of biomarkers showing prognostic and diagnostic poten-
tial for bone-related diseases. Importantly, analysis of miRNA-
lncRNA-mRNA crosstalk and networks may disclose new targets
and allow the design of better therapies and therapeutic approaches,
such as personalized medicine for bone disorders.

In this review, we have presented current knowledge related to the
biology and function of miRNAs and lncRNAs that are involved in
the process of osteogenesis and may find application as novel bio-
markers for bone-related diseases. Several biotypes of non-coding
RNAs, including miRNAs and lncRNAs, were identified in the cargo
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 799
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of extracellular vesicles released to the biological fluids. Thus, non-
coding RNAs can act locally (in a paracrine and autocrine manner),
as well as on adjacent cells. This is an important biological aspect
that allows us to describe full panels of biomarkers, with paramount
clinical importance in terms of personalized regenerative medicine
for bone. It was shown that MALAT1 and TUG1 can serve as vital
therapeutic targets, especially for osteoporosis patients. Due to
affecting miR-30, miR-124, miR-204, and miR-211, presented
lncRNAs are significantly engaged in the process of proper bone
mineralization. Moreover, HOTAIR, by affecting miR-17-5p expres-
sion, may serve as a remarkable diagnostic and prognostic factor
for tumor development and osteoporosis progression. Additionally,
DANCR can act as another essential therapeutic target, especially
for the treatment of bone metabolic diseases. We strongly believe
that the presented information on selected non-protein-coding
RNA molecules will serve as an important impetus for preclinical
investigations.
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Abstract: MiR-21 is being gradually more and more recognized as a molecule regulating bone
tissue homeostasis. However, its function is not fully understood due to the dual role of miR-21 on
bone-forming and bone-resorbing cells. In this study, we investigated the impact of miR-21 inhibition
on pre-osteoblastic cells differentiation and paracrine signaling towards pre-osteoclasts using indirect
co-culture model of mouse pre-osteoblast (MC3T3) and pre-osteoclast (4B12) cell lines. The inhibition
of miR-21 in MC3T3 cells (MC3T3inh21) modulated expression of genes encoding osteogenic markers
including collagen type I (Coll-1), osteocalcin (Ocl), osteopontin (Opn), and runt-related transcription
factor 2 (Runx-2). Inhibition of miR-21 in osteogenic cultures of MC3T3 also inflected the synthesis
of OPN protein which is essential for proper mineralization of extracellular matrix (ECM) and
anchoring osteoclasts to the bones. Furthermore, it was shown that in osteoblasts miR-21 regulates
expression of factors that are vital for survival of pre-osteoclast, such as receptor activator of nuclear
factor κB ligand (RANKL). The pre-osteoclast cultured with MC3T3inh21 cells was characterized
by lowered expression of several markers associated with osteoclasts’ differentiation, foremost
tartrate-resistant acid phosphatase (Trap) but also receptor activator of nuclear factor-κB ligand
(Rank), cathepsin K (Ctsk), carbonic anhydrase II (CaII), and matrix metalloproteinase (Mmp-9).
Collectively, our data indicate that the inhibition of miR-21 in MC3T3 cells impairs the differentiation
and ECM mineralization as well as influences paracrine signaling leading to decreased viability
of pre-osteoclasts.

Keywords: miR-21-5p; osteogenesis; differentiation; precursor cells; osteoblasts; osteoclasts

1. Introduction

MicroRNAs (miRNAs) are a class of non-coding, single stranded RNAs with average length
around 22 nucleotides. The molecules are highly conserved across species and have various biological
functions that are connected with the regulation of gene expression by targeting 3′-untranslated
region (3′-UTR) of messenger RNA [1,2]. MiRNAs regulate multiple processes crucial for homeostasis
maintenance, such as cell proliferation, differentiation, survival and apoptosis. Mounting evidence
indicates that miRNAs play a vital role during osteogenesis process by modulating expression of genes
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essential for recruitment and differentiation of various bone cells, including progenitor and mature
cells [2,3]. MiRNAs are also important molecules that control the process of extracellular matrix (ECM)
mineralization. For instance, miR-29b-dependent suppression of collagen occurs at the late stage of
differentiation, which facilitates the maturation of collagen fibrillar matrix for mineral deposition [4].
Furthermore, therapeutic usefulness of miRNAs in terms of bone-associated diseases treatment is
widely discussed [5].

MiR-21 represents a molecule that has gained attention as a factor with an important role in bone
homeostasis maintenance [1,6,7]. This molecule is predominantly characterized as “oncomiR”, due to
the fact that its overexpression was observed in several cancers, including prostate and breast cancer,
as well as osteosarcoma [8–10]. Most recently, it was shown that miR-21 may promote differentiation
of multipotent stromal cells (MSCs) derived from bone-marrow (BMSCs).

The mechanism of miR-21 action is still under debate, nevertheless it was recognized as an
important regulator of signaling pathways activated during differentiation of progenitor cells toward
osteogenic cells. It has been shown that one of the direct targets of miR-21 is an inhibitory protein Smad7,
which modulates signal transduction pathway that is induced by members of transforming growth
factor family, i.e., TGF-β and bone morphogenetic proteins (BMPs) [11,12]. A study performed by Li et
al. [12] showed that miR-21 deficiency significantly weakened osteogenic potential of BMSCs. Observed
effect was associated with decreased expression of master regulator for osteogenesis, i.e., transcription
factor Runx-2 (runt-related transcription factor 2). As a result of miR-21 deficiency, BMSCs showed
attenuated osteogenic differentiation and formed poorly mineralized matrix. Moreover, impaired
formation of calvarial bone was noted in miR-21-knockout mice [12].

Most recently, it has been demonstrated that miR-21 may promote migration and osteogenic
differentiation of BMSCs via PTEN/PI3K/Akt/HIF-1α pathway [7]. MiR-21 exogenously added to
BMSCs cultures accelerated the osteogenesis process which resulted not only in increased expression
of Runx-2, but also secretion of key osteogenic markers such as osteocalcin (OCL), osteopontin (OPN)
and BMP-2. Valenti et al. showed that miR-21, derived from sera collected from runners after intense
exercise, had an anti-apoptotic effect on BMSCs and promoted their osteogenic potential by targeting
PTEN and SMAD7 [13]. Moreover, miR-21 was shown to promote differentiation of MSCs derived
not only from bone-marrow. Meng et al. found that miR-21 plays an important role in osteogenic
differentiation of umbilical cord blood mesenchymal stem cells (UCBMSCs) via PI3K-AKT-GSK3β
pathway and in activating transcription of Runx-2 [14]. However, there are also contradictory results
showing that miR-21 inhibits activation of key osteogenesis regulators. For example, in MSCs derived
from periodontal ligament tissue (PDLSCs) overexpression of miR-21 was correlated with decreased
expression of alkaline phosphatase (ALP), as well as Runx-2 [6]. The study showed that miR-21
decreased osteogenic potential of PDLSCs by targeting Smad5 molecule, a component of BMPs
signaling pathway that is activated during osteoblastogenesis. Furthermore, Wei et al. showed that
transfection of cells with miR-21 inhibitor stimulated the osteogenic differentiation of hPDLSCs and
improved mineralization of ECM [6].

The role of miR-21 has been studied also in bone resorbing cells (osteoclasts). Suppression of
miR-21 was associated with upregulation of osteoclast suppressor programmed cell death protein 4
(PDCD4), and downregulation of osteoclast marker cathepsin K (CTSK) [15]. Thus, miR-21 may be
involved in bone biology, not only via promoting mobilization of osteoblast precursors, but also by
regulation of osteoclast survival and differentiation [16]. It was also shown that miR-21 knockout mice
are characterized by normal skeletal phenotype during development and maintain osteoblastogenesis
in vivo. However, miR-21-knockout mice showed increased expression of receptor activator of nuclear
factor κB ligand (RANKL) accompanied by decreased level of osteoprotegerin (OPG). Both molecules
are major osteoblastic mediators of osteoclastogenesis. RANKL is an essential cytokine promoting
differentiation and maturation of osteoclasts, while OPG acts as a decoy receptor for RANKL. OPG
inhibits osteoclast differentiation by blocking the interaction between RANKL and RANK, which is a
receptor of RANKL [17].
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Bearing in mind all this emerging information about the dual function of miR-21 in the process
of osteogenesis, we studied the effect of miR-21 inhibition on differentiation of mice pre-osteoblast
cell line (MC3T3). Specifically, we analysed the impact of miR-21 down-regulation in MC3T3 cell line
(MC3T3inh21) on their osteogenic potential and paracrine activity towards osteoclasts precursors.

We used indirect co-culture system of MC3T3inh21 and osteoclast precursor cell line 4B12
established by professor Amano’s group [18]. The pre-osteoclastic 4B12 mouse cell line is a model
that faithfully recapitulates features of primary osteoclast differentiation showing high expression of
c-Fms (macrophage colony-stimulating factor receptor) and RANK (receptor activator of nuclear factor
κB) [18,19]. To our best knowledge this is the first study showing the consequences of miR-21 inhibition
in osteoblasts on pre-osteoclasts activity. Using the model of indirect co-culture system, we were able
to determine the paracrine interplay between MC3T3inh21 and pre-osteoclasts. The analysis included
evaluation of matrix mineralization and composition, as well as the analysis of key osteogenic markers
expression determined by using reverse transcription quantitative PCR (RT-qPCR), Western blot and
immunocytochemical staining.

2. Materials and Methods

2.1. Pre-osteoblastic Mouse Cell Line MC3T3

MC3T3 cells were cultured in Minimum Essential Media Alpha (MEM-α, Gibco™ Thermo
Fisher Scientific, Warsaw, Poland) supplemented with 10% FBS (Fetal Bovine Serum, Sigma Aldrich,
Munich, Germany) at constant conditions in incubator at 37 ◦C, 5% CO2 and 95% humidity. Cells were
passaged with trypsin solution (StableCell Trypsin, Sigma Aldrich, Munich, Germany). The protocol
of MC3T3 detachment included culture washing using Hanks’ Balanced Salt Solution (HBSS) without
calcium and magnesium. Following this step, trypsin solution was added to the culture dish in the
volume allowing complete coverage of monolayer. The cultures were incubated with the trypsin
solution for 5 min at 37 ◦C in CO2 incubator. Detachment of MC3T3 from culture dishes was monitored
under inverted microscope with phase contrast (Axio Observer A.1 Zeiss, Oberkochen, Germany).
The passage was performed when cultures reached 90% confluence. The MC3T3 used for further
experiments were at passage 19 (p19).

2.2. Transfection of miR-21 Inhibitor

MC3T3 cells were transfected with miR-21 inhibitor (hsa-miR-21a-5p Anti-miR™ miRNA
Inhibitor, Ambition, Thermo Fisher Scientific, Warsaw, Poland) using ESCORT III Transfection
reagent (Sigma-Aldrich Sp. zo. o. Poznan, Poland). The transfection reagent was prepared in dilution
1:100, while miR-21 inhibitor was used at concentration equal to 50 nM, which was established based
on screening assay results (Figure S1, Supplementary Materials). The reagents were prepared in
Minimum Essential Medium Eagle—Alpha Modification (MEM-α). The transfection protocol was
followed accordingly to manufacturer’s specification. For the purpose of transfection cells were seeded
in 24-well plates at density equal to 20,000 cells per well. Transfection of cells was performed when
cultures reached 70% confluence. Cells were used for experiment after 72 h following the transfection.
The experiment was divided into two experimental groups: MC3T3 (control) and MC3T3inh21 (miR-21
inhibitor transfected cells).

The effectiveness of miR-21 inhibition was assessed using Two-tailed RT-qPCR. Levels of miR-21
were determined using a protocol described by Androvic et al. [20,21]. Sequences of primers used for
the analysis were published previously [22]. Moreover, expression of Runt-related transcription factor
2 was determined as follows: the mRNA levels of Runx-2 were determined by RT-qPCR, while protein
expression was detected with Western-blot technique using protocols described below.
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2.3. Osteogenic Conditions

Osteogenic differentiation of MC3T3 was induced using medium consisted of complete growth
medium (MEM-α) supplemented with osteogenic factors—10 nM β-glycerol phosphate disodium
salt hydrate (Sigma Aldrich, Munich, Germany) and 50 µg/mL ascorbic acid (Sigma Aldrich,
Munich, Germany). The osteogenic medium was changed twice a week, and cultures were maintained
in osteogenic medium for 3, 7, and 15 days. After differentiation, the cultures were collected for
further analysis.

2.4. Co–culture with Pre-osteoclastic Cell Line 4B12

The osteoclast precursor cell line 4B12 used in the experiment was kindly provided by Shigeru
Amano from Department of Oral Biology and Tissue Engineering, Meikai University School of
Dentistry [18]. The cultures were propagated in complete growth medium (CGM4B12) consisting of
α-MEM (Sigma Aldrich, Munich, Germany) supplemented with 10% of FBS and 30% of calvaria-derived
stromal cell conditioned medium (CSCM). The 4B12 cultures were maintained in incubator at constant
conditions (37 ◦C, 5% CO2, and 95% humidity). The cultures of pre-osteoclasts were passaged after
reaching confluence of 75%, and then detached from flask by gentle pipetting. The 4B12 used for
co-culture experiment were at passage eighteen (p18). Pre-osteoclasts in co-culture system were
inoculated at density equal to 3.5 × 104 into upper chamber of 8 µm transwell system (Corning, Biokom,
Warsaw, Poland). The cells were maintained in 0.3 mL of CGM4B12. Half of the culture medium was
changed twice a week. The lower chamber was pre-seeded with MC3T3 pre-osteoblast maintained
under osteogenic conditions as indicated in Section 2.3.

2.5. Evaluation of Extracellular Matrix Composition

Osteogenic cultures were fixed using 4% paraformaldehyde (PFA) for 15 min at room temperature.
Afterwards, cultures were specifically stained with Alizarin Red for calcium deposits detection,
and with Safranin O dye for evaluation of proteoglycan content. Staining of extracellular matrix
was performed as described previously [23,24]. Obtained specimens were analyzed using inverted
microscope Axio Observer A1 (Zeiss, Oberkochen, Germany) and documented with Canon PowerShot
digital camera (Woodhatch, UK). The signals obtained after staining were determined using ImageJ
and Pixel Counter plugin (version 1.6.0, U. S. National Institutes of Health, Bethesda, MD, USA) as
described previously [25–27]. The chemical composition of extracellular matrix was evaluated using
scanning electron microscope with the energy-dispersive X-ray spectroscopy (SEM-EDX) using the
protocol published previously [28].

2.6. Detection of Osteogenic Markers Using RT-qPCR

After the experiment, cultures after 3, 7 and 15 days of differentiation were homogenized using
1 mL of Extrazol® (Blirt DNA, Gdansk, Poland). RNA isolation procedure was performed according to
manufacturer’s instruction, which is a modified version of the phenol-chloroform method described
by Chomczyński and Sacchi [29]. Total RNA was diluted in molecular grade water (Sigma Aldrich,
Poznan, Poland). RNA quantity and purity was determined spectrophotometrically at 260 and 280
nm wavelengths (Epoch, Biotek, Bad Friedrichshall, Germany). Total RNA (500 ng) was treated
with DNase I using PrecisionDNAse kit (Primerdesign, BLIRT S.A, Gdansk, Poland) before reverse
transcription. cDNA synthesis was performed using Tetro cDNA Synthesis Kit (Bioline Reagents
Limited, London, UK). Digestion of DNA and cDNA synthesis were performed accordingly to the
instructions provided by manufacturer in T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA). RT-qPCR
analysis was carried out using the SensiFAST SYBR®&Fluorescein Kit (Bioline Reagents Ltd., London,
United Kingdom) in CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).
Each reaction mixture included 1 µL of cDNA in final volume of 10 µL, while primers were used at 0.5
µM concentration. The reactions proceeded according to the following conditions: initial denaturation
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at 95 ◦C for 2 min, followed by 45 cycles at 95 ◦C for 5 s, annealing for 10 s, and elongation at 72 ◦C for
5 s. The analysis of the dissociation curves was performed to determine the specificity of PCR products.
The melting curve was obtained using a gradient from 65 to 95 ◦C, and the heating rate was 0.2 ◦C/s.
Reaction conditions were described previously [22,27]. Primer sequences are summarized in Table S1.
All reactions were performed in at least three repetitions. The expression of genes was calculated using
RQMAX algorithm and converted into log2 scale as described previously [22]. The transcript levels
were normalized to the housekeeping gene – Gapdh (glyceraldehyde 3-phosphatedehydrogenase).

2.7. Western Blotting Detection of Osteopontin and Runx-2

The cultures were lysed using ice-cold RIPA buffer containing 1% protease and phosphatase
inhibitor mix (Sigma Aldrich, Munich, Germany). The concentration of protein was evaluated using
the Bicinchoninic Acid Assay Kit (Sigma Aldrich, Munich, Germany). The procedure of the reaction
was established previously [22,30]. The concentration of proteins loaded per well was equal to 20 µg.
Samples were separated in 12% sodium dodecyl sulphate-polyacrylamide gel by electrophoresis
(SDS-PAGE; 100V, 90 min) and transferred into PVDF membrane (100 V, 60 min) in Transfer buffer
(Tris-base/Glycine, Sigma Aldrich, Munich, Germany) using the Mini Trans-Blot® system (Bio-Rad,
Hercules, CA, USA). After the transfer, the membranes were blocked for 1 h with 5% skim milk (Sigma
Aldrich, Munich, Germany). Then, the membranes were incubated overnight at room temperature with
primary antibodies detecting osteopontin in dilution of 1:1000 (OPN, ab8448, Abcam, Cambridge, UK),
RUNX-2 in dilution of 1:100 (F-2: sc-390351, Santa Cruz Biotechnology, Dallas, Texas, USA), and β-actin
in dilution of 1:1000 (A2066, Sigma Aldrich, Munich, Germany). The antibodies were diluted in 5%
of skim milk prepared in TBST buffer (Tris/NaCl/Tween). Next, the membranes were washed five
times for 5 min with TBST buffer. After washing, the membranes were incubated with secondary
antibody conjugated with HRP (Sigma Aldrich, Munich, Germany) for 60 min at room temperature.
The secondary antibody was diluted at concentration 1:2500 in TBST. After incubation with secondary
antibody the membranes were washed, as indicated above and analyzed using Bio-Rad ChemiDoc™
XRS system. The reaction was performed using DuoLuX® Chemiluminescent and Fluorescent
Peroxidase (HRP) Substrate (Vector Laboratories, Peterborough, United Kingdom). The intensity of
signals was quantified using Image Lab™ Software (Bio-Rad, Hercules, CA, USA).

2.8. Immunocytochemical Detection of Osteopontin and Tartrate-Resistant Acid Phosphatase (TRAP)

Immunostaining reaction was performed according to methods described previously [27,31].
Before the analysis, cells were cultured under experimental conditions, within 24-weel dishes coated
with glass cover slides. After the experiment, cultures were fixed with 4% PFA (30 min at room
temperature) for the immunocytochemical detection. Following fixation, cultures were washed three
times with HBSS and permeabilized with 0.2% PBS-Tween solution for 15 min. Next, specimens
were washed 3 times in HBSS and incubated overnight at 4 ◦C with primary antibodies and 10%
goat serum in order to block nonspecific protein–protein interactions. The following antibodies
were used: anti-osteopontin antibody produced in rabbit (ab8448, Abcam, Cambridge, UK) and
anti-TRAP antibody (D-3) mouse monoclonal IgG1. (sc-376875, Santa Cruz Biotechnology, Dallas,
Texas, USA). Primary antibodies were diluted to concentration of 1:50 (TRAP) and 1:1000 (OPN).
After incubation with primary antibody, samples were washed as described previously and incubated
with secondary antibody for 1 h at room temperature. Concentration of secondary antibodies was
1:1000. After incubation with the secondary antibodies, samples were washed (as above) and fixed on
slides using mounting medium with DAPI (4’,6-diamidino-2-phenylindole) as a nuclear counterstain
(ProLong™ Diamond Antifade Mountant with DAPI, Thermo Fisher Scientific, Warsaw, Poland).
Specimens were analyzed using confocal microscope (Leica TCS SPE, Leica Microsystems, KAWA.SKA
Sp. z o.o., Zalesie Gorne, Poland) at 0.5 µm steps up to a final depth of 25 µm. Images were processed
using Fiji is just ImageJ (ImageJ 1.52n,Wayne Rasband, National Institute of Health, USA) [27,32].
The microscopic images were obtained using maximum intensity projection (Z-projection).
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2.9. Statistical Analysis

Experimental values are presented as the mean obtained from at least three technical repetitions.
Mean values are presented with standard deviation (±SD). The data were analyzed using t-Student
test or One-way analysis of variance and Dunnett’s post hoc test. The data were analyzed using
GraphPad Software (Prism 8.20, CA, USA). Differences with a probability of p < 0.05 were considered
as significant.

3. Results

3.1. The Influence of miR-21 Inhibition on mRNA Expression of Osteogenic Markers

The expression of osteogenic markers was monitored after 3, 7, and 15 days of differentiation
since their profiles are known to be highly modulated during the early stages of osteogenesis Figure 1).

No significant differences in terms of osteocalcin (Ocl) levels were noted between MC3T3
cultures and MC3T3inh21 after 3 days of osteogenesis. However, in MC3T3 inh21 co-cultured with
4B12 we noted significant increase of Ocl transcripts following 3 days of differentiation (Figure 1a).
Significantly reduced mRNA levels for Ocl, in response to miR-21 inhibition were noted after 7 and 15
days of MC3T3 differentiation, both in monolayer, as well as in the co-culture system (Figure 1b,c).
Further, we determined the mRNA levels for collagen type 1 (Coll-1). Analysis revealed that inhibition
of miR-21 in MC3T3 cultures do not affect the Coll-1 expression after 3 and 7 days of differentiation
(Figure 1d,e). The significant decrease in mRNA levels for Coll-1, following miR-21 inhibition were
noted after 15 days of culture (p < 0.05, Figure 1f). In co-culture model of MC3T3 with 4B12, inhibition of
miR-21 had influence on Coll-1 levels only after 7 days of differentiation. In these cultures we observed
significant (p < 0.01) increase of Coll-1 transcripts in MC3T3 inh21/4B12 cultures. The higher mRNA level
for Coll-1 was also noted in MC3T3 inh21/4B12 cultures following 15 days of osteogenic differentiation,
however the observed differences were not statistically significant (Figure 1d,e). The mRNA levels for
osteopontin (Opn) measured in MC3T3 after 3 days of osteogenic cultures were not affected by miR-21
inhibition (Figure 1g). In turn, after 7 and 15 days of culture we observed significant decrease of Opn
transcripts (Figure 1h,i). Significantly decreased mRNA levels for Opn were determined during 3, 7,
and 15 days of osteogenic cultures of MC3T3 inh21 with 4B12 (Figure 1g–i). The inhibition of miR-21
significantly influenced on mRNA levels of runt-related transcription factor 2 (Runx2) in MC3T3 cell
line. The decrease expression of Runx-2 following miR-21 inhibition was noted during 3, 7, and 15
days of osteogenesis (Figure 1j–l). In co-culture of MC3T3 with 4B12, the inhibition of miR-21 had no
influence on Runx-2 levels after 3 and 15 days of culture (Figure 1j,l), however lowered expression
of miR-21 was correlated with increased mRNA level for Runx-2, noted after 7 days of osteogenic
differentiation (Figure 1k).
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Figure 1. Cont.
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Figure 1. The results of RT-qPCR analysis showing the mRNA levels of key osteogenic markers measured after 3 (a,d,g,j), 7 (b,e,h,k), and 15 days (c,f,i,l) of osteogenic
cultures (d3 d7 and d15 respectively). Following osteogenic markers were determined: osteocalcin (Ocl) (a–c), collagen type I (Coll-1) (d–f), osteopontin (Opn) (g–i)
and runt-related transcription factor 2 (Runx2) (j–l). Significant differences are indicated with asterisks (* p < 0.05; ** p < 0.01 and *** p < 0.001), while non-significant
differences are marked as ns. The comparisons between groups are marked with square brackets.
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3.2. The Analysis of mRNA Transcripts of RANKL-OPG Axis

As the relation between Rankl and Opg expression levels in osteoblasts determines differentiation
of osteoclasts [17], we decided to analyze the influence of the miR-21 inhibition on Rankl/Opg ratio.
Obtained results showed that miR-21 inhibition do not influence on Rankl/Opg ratio during 3 and 7
days of culture under osteogenic conditions (Figure 2a and b). Significantly increased Rankl levels (p <

0.05) were noted in MC3T3inh21 cultures after 15 days of osteogenesis (Figure 2c).

Figure 2. The Rankl/Opg ratio determined in experimental osteogenic cultures on days 3 (a), 7 (b), and 15
(c). Significant differences are indicated with asterisks (* p < 0.05 and *** p < 0.001), while non-significant
differences are marked as ns. The comparisons between groups are marked with square brackets.

In turn we observed decreased expression of Rankl in co-cultures of MC3T3inh21 with 4B12.
Decreased Rankl/Opg ratio in MC3T3inh21/4B12 was maintained during the osteogenesis, on days 3, 7,
and 15 (Figure 2a-c).

3.3. The Influence of miR-21 Inhibition on Extracellular Matrix Composition

Calcium deposition in extracellular matrix is a marker of late osteogenesis and reflects maturation
of osteoblasts precursors [1,11,33], thus we decided to determine the extracellular matrix composition
after 15 days of osteogenesis. Largely distributed calcium deposits were detected in pre-osteoblasts
(M3CT3) maintained under osteogenic conditions, indicating that cells properly underwent the
differentiation process (Figure 3a). The inhibition of miR-21 caused a decrease in extracellular matrix
mineralization. The MC3T3inh21 cells formed dense networks, however we did not observe the
formation of characteristic nodules stained with Alizarin Red (Figure 3b). Furthermore, the osteoclasts
presence significantly lowered osteogenic differentiation of MC3T3. In co-culture of MC3T3 with
4B12 we observed a decreased number of mineralized areas (Figure 3c). In turn, the production of
extracellular calcium deposits in co-cultures of MC3T3inh21 with 4B12 was more apparent (Figure 3d).
Spectrophotometric analysis of dye absorption and statistical analysis of the obtained results, confirmed
the observations made under microscope. SEM-EDX analysis confirmed lowered calcium and
phosphorous deposition in MC3T3 cultures with decreased expression of miR-21 and in co-culture
model (Figure S2, Supplementary Materials).
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Figure 3. Representative images showing the results of Alizarin Red staining for calcium deposit
detection. The mineralized extracellular matrix is stained with the dye. The images show an effect
of miR-21 inhibition on mineralization of extracellular matrix formed by pre-osteoblast. The analysis
included the determination of osteoclast precursors’ activity (co-culturing with 4B12) on MC3T3
osteogenic differentiation. Osteogenic differentiation of MC3T3 was manifested by red calcium deposits
(a). The decreased mineralization was observed in cultures of MC3T3 with blocked activity of miR-21
(b). The influence of 4B12 pre-osteoclast presence during osteogenic differentiation was monitored both
in co-culture with MC3T3 (c) and MC3T3inh21 (d). Images were taken under 100-fold magnification
(scale bar indicated). Staining intensity was determined using ImageJ software with Pixel Counter
application, as indicated in Materials and Methods section (e). Significant differences are marked
using an asterisks (** p < 0.01 and *** p < 0.001), while non-significant differences are described as ns.
The comparisons between groups are marked with square brackets.

We also determined the influence of miR-21 inhibition on proteoglycan content in extracellular
matrix formed by the cells under osteogenic conditions (d15). Images obtained after Safranin-O staining
(Figure 4) coincide with the results of Alizarin Red analysis (Figure 2). The most abundant accumulation
of proteoglycans was observed in osteogenic cultures of MC3T3 (Figure 4a). Transfection of
pre-osteoblasts with the miR-21 inhibitor, as well as co-culture of MC3T with 4B12 pre-osteoclasts
diminished the synthesis of proteoglycans and their deposition in the extracellular matrix (Figure 4b,c).
The intense reaction indicating high proteoglycan content was noted in MC3T3inh21 co-cultured
with pre-osteoclasts (Figure 4d). Comparative analysis of staining intensity confirmed microscopic
observations (Figure 4e).
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Figure 4. Representative images showing detection of proteoglycans with Safranin-O. The images
show the effect of miR-21 inhibition on proteoglycan accumulation within the extracellular matrix
formed by pre-osteoblasts under osteogenic conditions. Additionally, influence of osteoclast precursors
on MC3T3 differentiation was evaluated. Osteogenic differentiation of MC3T3 was associated with
increased accumulation of proteoglycans (a). The decreased content of proteoglycans was observed
in cultures of MC3T3 transfected with miR-21 inhibitor (b). The influence of 4B12 pre-osteoclast
presence during osteogenic differentiation of MC3T3 was monitored. The analysis revealed that
osteoclasts presence decreased the accumulation of proteoglycans (c). In turn, extracellular matrix
which formed in co-cultures of MC3T3inh21 with osteoclasts was rich in proteoglycans (d). Images were
taken under 100-fold magnification (scale bar indicated). The staining intensity was determined using
ImageJ software with Pixel Counter application, as indicated in Materials and Methods section (e).
Significant differences are indicated with asterisks (** p < 0.01 and *** p < 0.001), while non-significant
differences are marked as ns. The comparisons between groups are marked with square brackets.

3.4. The Influence of miR-21 Inhibition on Intracellular Accumulation of OPN and RUNX-2 in MC3T3 after
15 Days of Osteogenesis

Western blot analysis was performed to determine the influence of the miR-21 inhibition on
intracellular expression of OPN and RUNX-2 in pre-osteoblast maintained under osteogenic conditions.
The analysis indicated the presence of three different immunoreactive bands for OPN having various
molecular weight: 66 kDa resembling full-length protein, as well as 30 kDa and 24 kDa bands resulting
from the full-length protein cleavage (Figure 5a). The densitometry analysis of band intensities
indicated that the inhibition of miRNA-21 decreases the expression of 66 kDa OPN, however the
differences were not statistically significant (Figure 5b). Furthermore, the presence of osteoclasts
precursors in osteogenic cultures of MC3T3 (co-cultures) resulted in significant accumulation of
66 kDA OPN. Next, we analyzed the levels of 30 kDa OPN, and we observed that the band intensity
is not altered by miR-21 inhibition for cells cultured in the monolayer system (Figure 4c). In the
co-culture of MC3T3 with 4B12 we noted significant increase of 30 kDa protein. In contrast to that,
we determined the significant decrease of protein in homogenates derived from MC3T3inh21 cultured
with osteoclasts. The expression of 25 kDa OPN was notably increased in the osteogenic cultures
of MC3T3, the protein level significantly decreased after miR-21 inhibition also in the presence of
osteoclasts (Figure 5d). The expression of 65 kDa and 55 kDA RUNX-2 decreased after miR-21 inhibition
(Figure 5e,f), however significant difference in terms of signal intensity was noted only for 65 kDa bands.
The expression of RUNX-2 decreased in the co-culture system of MC3T3/4B12. The inhibition of miR-21
expression in MC3T3 cultured with pre-osteoclast had no effect on RUNX-2 intracellular accumulation.
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Figure 5. Intracellular accumulation of osteopontin (OPN) and runt-related transcription factor 2 (Runx-2). The β-actin (ACTB) was used as a housekeeping protein
for normalization. The representative blots are shown in graph (a) and molecular weights of the detected proteins are indicated on the right. Results of statistical
analysis performed on normalized values are shown in graphs (b–f). Significant differences are indicated with asterisks (* p < 0.05; ** p < 0.01 and *** p < 0.001),
while non-significant differences are marked as ns. The comparisons between groups are marked with square brackets.



Cells 2020, 9, 479 13 of 21

Immunocytochemistry was used to determine the OPN cellular localization (Figure 6).
Images obtained with confocal microscope confirmed that OPN expression decreases after the
miR-21 inhibition. Moreover, the increase of OPN expression was confirmed in MC3T3/4B12 cultures.
The visualization of actin cytoskeleton indicated that under osteogenic conditions, MC3T3 are
characterized by well-developed network supporting intracellular connections. The inhibition of
miR-21 caused the alteration in cytoskeleton organization by weakening the architecture of actin
network. In the co-culture system of MC3T3 and 4B12, the loss of intracellular connections was noted.
Images obtained for MC3T3inh21/4B12 co-cultures indicated an increase in number of osteoblasts and
maintenance of intracellular connections between pre-osteoblast.

Figure 6. Representative images (Z-projects) showing co-localization of OPN (red signal) with nuclei
(blue, DAPI stained) and cytoskeleton (green, phalloidin atto-488 stained). The images were taken
under 60-fold magnification. The scale bar is equal to 50 µm.

3.5. The Analysis of Markers Associated with Differentiation and Bone Resorption Activity of Osteoclasts

Bearing in mind the Rankl/Opg profile expression obtained for MC3T3 cultures after 15 days of
osteogenesis, we were interested in an analysis of markers that are strictly characteristic for the activity
of osteoclast cells, as well as for their survival. The analysis included measurement of mRNA levels
for receptor activator of nuclear factor κB (Rank), tartrate-resistant acid phosphatase (Trap), cathepsin
K (Ctsk), carbonic anhydrase II (CaII), and matrix metalloproteinase 9 (Mmp-9), as well as genes
from B-cell lymphoma 2 family associated with apoptosis, i.e., pro-apoptotic Bax and anti-apoptotic
Bcl-2. Obtained results showed significantly increased levels of transcripts for Rank, Trap, Ctsk, CaII,
and Mmp-9 in 4B12 co-cultured with MC3T3 without inhibitor (Figure 7a–d) which indicates increased
pre-osteoclasts activity. In contrast, the osteoclasts cultured with MC3T3inh21 expressed pro-apoptotic
profile related to increased levels of mRNA for Bax and decreased for Bcl-2 (Figure 7e).
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Figure 7. The expression of mRNA for typical osteoclast markers and molecules associated with apoptosis. The analysis included determination of transcript levels
for receptor activator of nuclear factor κB (a), tartrate-resistant acid phosphatase (b), cathepsin K (c), carbonic anhydrase II (d) and matrix metalloproteinase 9 (e).
Moreover, the ratio of pro-apoptotic Bax and anti-apoptotic Bcl-2 gene was calculated (f). Significant differences between groups are indicated with asterisks (* p < 0.05;
** p < 0.01 and *** p < 0.001), while non-significant differences are marked as ns.
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Following that, TRAP expression was studied using immunocytochemistry technique. We did
not observe a specific signal derived from TRAP positive cells in MC3T3 and MC3T3inh21 cultures
(Figure S3, Supplementary materials). In turn, the analysis of the TRAP expression performed on
co-cultures of pre-osteoblast and 4B12 revealed that occurrence of TRAP positive cells increased in the
MC3T3/4B12 co-culture system, while decreasing in MC3T3inh21/4B12 (Figure 8), which confirms the
results obtained by RT-qPCR (Figure 7b).

Figure 8. Representative images showing co-localization of tartrate-resistant acid phosphatase (TRAP)
(green signal) with nuclei (blue, DAPI stained). The images were taken under 60-fold magnification.
The scale bar is equal to 50 µm.

4. Discussion

The number of studies related to function of miR-21 in bone homeostasis maintenance has grown
rapidly over the past few years. Despite the efforts, the function of miR-21 in the biology of bone forming
and bone-resorbing cells has not been fully elucidated. The aim of this study was to investigate the role
of miR-21 during differentiation of osteoblast precursors—MC3T3 cell line. In addition, we determined
the effect of miR-21 inhibition on osteoblast interaction with osteoclasts precursors using indirect
co-culture system of MC3T3inh21 and semi-adherent pre-osteoclasts cell line 4B12 [18]. This model
allowed us to study paracrine interactions between differentiating osteoblasts and osteoclasts [34].
We used this strategy to monitor individual phenotype changes and gene expression characteristics,
both in osteoblast and osteoclast, which is difficult in the condition of direct co-culturing. Moreover,
the indirect co-culture model is more accurate for cells with different characteristics of growth [35,36].

Various research groups put forward compelling evidence that miR-21 promotes differentiation of
progenitor cells toward osteoblasts. The function of miR-21 as an essential molecule promoting bone
regeneration was determined for example using model of multipotent stromal cells (MSCs) [2,7,12,14].
However, discussed results were inconsistent and contradictory, indicating that miR-21 may promote,
as well as inhibit osteogenic differentiation, what can be correlated with diverse cellular plasticity of
MSCs and their origin. To minimize this issue, we used the model of pre-osteoblast MC3T3 cell line
that represents a stable and reproducible model for studies related with signaling pathways crucial
for proliferation and differentiation of osteoblast [37–41]. Furthermore, under osteogenic conditions
MC3T3 pre-osteoblasts synthesize and assemble collagenous extracellular matrix with organization
and mineralization that resembles bone [37]. Previously, it was shown that overexpression of miR-21 in
MC3T3 pre-osteoblast improves matrix mineralization, whereas the miR-21 inhibition was correlated
with lowered calcium deposition [11]. The results are in good agreement with our data, confirming
that miR-21 inhibition is associated with decreased deposition of calcium and lowered proteoglycan
content in extracellular matrix (ECM).
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We have also noted reduced mineralization of ECM in the co-culture model of MC3T3/4B12,
which correlates with high occurrence of TRAP positive cells and increased mRNA levels for
Rank, and other osteoclastic bone resorption-related genes like MMP-9, cathepsin K (Ctsk) and
carbonic anhydrase II (CaII). In turn, the activity of TRAP-positive cells was reduced in co-cultures
of MC3T3inh21/4B12, indicating that inhibition of miR-21 in osteoblast may reduce paracrine signals
necessary for pre-osteoclasts survival [42]. Thus, the mineralization of ECM in MC3T3inh21/4B12
culture was less influenced by osteoclasts activity.

As miR-21 regulates the process of osteogenesis at the molecular level, we decided to determine
the mRNA expression of main osteogenic markers after 3, 7, and 15 days of osteogenic stimulation.
We showed that miR-21 inhibition is associated with decreased mRNA levels for collagen I (Coll-1),
osteocalcin (Ocl) and Runx-2, which was previously reported by Li et al. [11]. We also studied the
influence of miR-21 inhibition on the mRNA levels of osteopontin (Opn). This molecule plays a crucial
role in bone remodeling by influencing differentiation of osteoblasts and determining survival of
osteoclasts. An effect of miR-21 overexpression on Opn mRNA levels was recently studied using
BMSCs model [7]. Authors showed that Opn expression increases in BMSCs as a result of miR-21
upregulation [7]. Our results confirmed the role of miR-21 as a molecule regulating Opn expression.
MC3T3 with downregulated expression of miR-21 had lowered Opn expression, measured at 7 and
15 days of in vitro osteogenesis. Nevertheless, we observed that Opn mRNA level increases in the
co-culture of MC3T3 with 4B12 cells. This is in agreement with studies showing that osteopontin plays
crucial role in modulating osteoclast-osteoblast interactions, both in vivo and in vitro. Boskey et al. [43]
showed that OPN knockout mice are characterized by elevated mineral content and crystallinity
in bone, while OPN knockout osteoblasts formed matrix with increased mineral deposition [44].
This observation may explain the improvement of matrix mineralization in model of MC3T3inh21
propagated with 4B12 pre-osteoblasts.

Having the results obtained on mRNA level, we decided to determine the expression of OPN using
Western blot technique. We detected three different immunoreactive bands of OPN, i.e., 66 kDa, as well
as 30 and 25 kDa. We observed that in the co-culture system the expression of OPN at molecular weight
equal to 66 kDa (doublets) increases, in contrast to the monolayer cultures. The miR-21 inhibition
does not have any influence on OPN expression at 66 kDa. However, in MC3T3/4B12 cultures we
observed the increased expression of OPN at 35 kDa, and its levels significantly decreased in the
co-cultures of MC3T3inh21/4B12. Obtained results confirm previous data, indicating that OPN produced
by osteoblasts can activate bone resorption by osteoclasts [45]. The OPN expression after miR-21
inhibition may explain the images obtained after ECM staining, showing the improvement in matrix
biomineralization in MC3T3inh21/4B12 cultures. Osteogenic cultures of MC3T3 were characterized by
increased expression of smaller molecular-weight OPN protein—25 kDa. The function of low molecular
weight OPN is not properly described in the literature, however it was shown that this protein may be
a product of OPN cleavage with matrix metalloproteinases [46]. We also determined the intracellular
localization of OPN in the experimental cultures, and the results of analysis were consistent with data
obtained using RT-qPCR, showing decrease of OPN after miR-21 inhibition in MC3T3 cells as well as
increase of OPN expression in the co-cultures of MC3T3 with 4B12 pre-osteoclasts.

Further, we confirmed that the miR-21 inhibition may significantly reduce the intracellular
accumulation of RUNX-2, which is a common regulator of osteogenesis [47,48]. The obtained results
are consistent with recent studies showing that BMSCs after transfection with the miR-21 inhibitor
exhibit lowered accumulation of intracellular RUNX-2 on both mRNA [1] and protein level [12].

A study performed by Li et al. indicated that miR-21 regulates differentiation of progenitor cells
into bone forming cells via the Smad7-Smad1/5/8-Runx2 pathway. Moreover, it was shown that miR-21
deficiency impaired the bone formation of calvarial bone defects, what might result from deterioration
of osteogenic potential of endogenous progenitor cells. Multipotent stromal cells derived from bone
marrow of miR-21 knock-out mice, exhibited lowered osteogenic potential associated with decreased
mRNA levels for Runx-2 [12]. Additionally, Meng et al. showed that miR-21 promotes osteogenic
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differentiation of human umbilical cord mesenchymal stem cells (hUMSCs) through PI3K/β-catenin
pathway, activating the transcription of RUNX-2 [14]. However expression of Runx-2 is modulated at
multiply levels during the osteogenesis. Runx-2 expression profile strictly depends on differentiation
stage of the cells. It was previously indicated that Runx-2 may act as a positive regulator during
early stages of osteoblast differentiation and negative regulator at later stage of osteogenesis [47–49].
Given the stage-dependent shift of Runx2 expression, the role of miRNA-21 as a regulator of Runx-2
should be monitored at early, mid and late stage of osteogenesis, what was also confirmed in our study.

It was speculated previously, that RUNX-2 controls RANKL expression and that this interaction
conveys molecular background for the linkage between osteoblast and osteoclast formation [50].
Our results confirmed this dependency. We have shown that RANKL/OPG ratio is increased in
MC3T3 pre-osteoblasts transfected with the miR-21 inhibitor, thus we expected the increased osteoclast
formation and activity in this condition. However, in the co-culture system of MC3T3inh21/4B12 we
observed the decrease of RANKL/OPG ratio. Obtained result confirmed the study of Pitari et al. who
showed that co-culture of multiple myeloma cells with BMSCs under constitutive inhibition of miR-21
may result in the restoration of RANKL/OPG balance and impair the resorbing activity of mature
osteoclasts [51]. This implies, that the miR-21 inhibition may affect the activity of pre-osteoclasts and
their survival regulating RANKL expression. This is in agreement with studies of Sutherland et al. [52],
showing that RANKL protects osteoclasts from the apoptosis-inducing and anti-resorptive effects of
bisphosphonates in vitro, via anti-apoptotic protein Mcl-1. In turn, in our study we showed that the
inhibition of miR-21 in pre-osteoblast is associated with the lowered expression of Rankl, and increased
Bax/Bcl-2 ratio. Obtained results coincide with research of Hu et al. showing that pro-osteoclastic
effect of miR-21 may be associated with its function during regulation of programmed cell death [53].
Moreover, the most recent research of Luukkonen et al. [54] showed that the inhibition of miR-21
associated with decreased OPN accumulation affects survival of pre-osteoclasts. The OPN is essential
for osteoclasts attachment to the resorbed matrix and the cell surface receptor. Luukkonen et al.
showed that OPN produced in the resorption pits may inhibit bone mineralization, what also confirms
the suppressive effect of OPN on osteoblast physiology emerging from autocrine/paracrine signals.
Of note, confocal analysis of MC3T3inh21/4B12 co-cultures showed decreased TRAP expression which
was also evidenced at mRNA level. This result is in line with study of Ek-Rylander and Andersson,
who indicated that TRAP could regulate the extent of ECM degradation including depth and area at
each bone resorption site [55]. The study showed that TRAP modulates OPN-dependent osteoclasts
migration and triggers osteoclast detachment facilitating their subsequent movement on the bone
surface. Given the increased apoptosis of pre-osteoclasts cultured with MC3T3inh21, we hypothesize that
lowered viability of TRAP positive pre-osteoclasts could be solely due to altered osteoblast signaling.

5. Conclusions

In summary, we demonstrated that decreased expression of miR-21 in MC3T3 pre-osteoblasts cell
line results in loss of their bone forming capability, what was evidenced by poor mineralization of
extracellular matrix in vitro and lowered expression of essential bone markers. Moreover, the inhibition
of miR-21 expression attenuated paracrine activity of pre-osteoblast, which was associated with
increased apoptosis of pre-osteoclasts in the co-culture model. The observed effect may be related
with the function of miR-21 as a regulator of key molecules regulating osteoblastogenesis and
osteoclastogenesis. MiR-21 may have a dual role in the process of osteoblast-osteoclast coupling,
probably due to the fact that its targets (eg. Rankl and Opn) are regulated in a dynamic manner during the
process of osteogenesis. Thus, analysis of regulatory effect of miR-21 should be determined at different
stages of osteogenesis in order to elucidate its influence on genes expressed during early osteogenic
commitment (d3, d7, and d15). Obtained results are in line with other studies indicating the emerging
role of miR-21 in terms of regulation of bone metabolism and homeostasis. Profound characterization
of miR-21 function in osteoblast-osteoclast coupling may account for development of novel therapies
directly influencing bone cell differentiation and the process of bone remodeling.
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Abstract
Available therapies aimed at treating age- related osteoporosis are still insufficient. 
Therefore, designing reliable in vitro model for the analysis of molecular mecha-
nisms underlying senile osteoporosis is highly required. We have isolated and char-
acterized progenitor cells isolated from bone marrow (BMSCs) of osteoporotic 
mice strain SAM/P6 (BMSCSAM/P6). The cytophysiology of BMSCSAM/P6 was for the 
first time compared with BMSCs isolated from healthy BALB/c mice (BMSCBALB/c). 
Characterization of the cells included evaluation of their multipotency, morphology 
and determination of specific phenotype. Viability of BMSCs cultures was determined 
in reference to apoptosis profile, metabolic activity, oxidative stress, mitochondrial 
membrane potential and caspase activation. Additionally, expression of relevant bio-
markers was determined with RT- qPCR. Obtained results indicated that BMSCSAM/P6 
and BMSCBALB/c show the typical phenotype of mesenchymal stromal cells (CD44+, 
CD73+, CD90+) and do not express CD45. Further, BMSCSAM/P6 were characterized 
by deteriorated multipotency, decreased metabolic activity and increased apoptosis 
occurrence, accompanied by elevated oxidative stress and mitochondria depolarisa-
tion. The transcriptome analyses showed that BMSCSAM/P6 are distinguished by low-
ered expression of molecules crucial for proper osteogenesis, including Coll- 1, Opg 
and Opn. However, the expression of Trap, DANCR1 and miR- 124- 3p was significantly 
up- regulated. Obtained results show that BMSCSAM/P6 present features of progeni-
tor cells with disturbed metabolism and could serve as appropriate model for in vitro 
investigation of age- dependent osteoporosis.
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1  | INTRODUC TION

Osteoporosis represents the most common bone disease in el-
derly patients of both sexes and all races, occurring worldwide.1 
Moreover, its incidents are more frequent in well- developed and 
ageing societies.2 Notably, more than 200 million citizens worldwide 
currently suffer from osteoporosis, and ~8.9 million fractures are 
caused by osteoporosis- related fractures.3 Furthermore, the spe-
cialists estimate that within 50 years, osteoporosis will reach the 
scale of global epidemy. The sudden termination of physical activity 
of osteoporotic patients, especially those suffering from bone frac-
tures, becomes an even higher sociological cost that eliminates them 
from social life.4 Therefore, the investigation of novel concepts im-
proving knowledge about the molecular mechanism of osteoporosis 
occurrence is critical for developing new therapeutic strategies and 
very much needed.

Osteoporosis is characterized by low bone mass as a result of 
impaired bone mineralisation, leading to reduced bone mechanical 
properties, increasing fracture risk.5 The pathophysiological mech-
anism of osteoporosis includes the deterioration of bone metabo-
lisms. It is a consequence of several factors, including the advantage 
of bone resorption over bone formation process. The impairment 
of bone remodelling is caused by an imbalance between osteo-
clasts and osteoblasts, that is between bone- degrading and bone- 
producing cells.6 The recruitment of osteoclasts and osteoblast 
at the bone remodelling site requires activation of the plethora of 
molecular signals including hormones, cytokines, growth factors 
and non- coding RNAs, including long non- coding RNA (lncRNA) and 
microRNA (miRNA), which mediates the interaction between bone 
cells and progenitor cells.7 Moreover, the recruitment of bone mar-
row stromal cells (BMSCs), which are a source of progenitor cells at 
the bone remodelling site, guarantees a supportive role during new 
bone formation.

Bone marrow- derived stromal cells (BMSCs) are multipotent 
stem cells with self- renewal capacity.8 The population of showing 
features of BMSCs was described for the first time by Alexander 
Friedenstein and colleagues.9,10 Since that time, the knowledge 
regards BMSCs biology and nature are still extensively inves-
tigated.8,11 According to the current statement of International 
Society for Cellular Therapy (ISCT) BMSCs as a mesenchymal stro-
mal stem cell are characterized by: (a) expression of CD73, CD90 
and CD150 and lack of expression of CD11b, CD14, CD19, CD34, 
CD45 and HLA- DR molecules, (b) adhesion to the plastic surface 
of culture dish under standard culture condition and (c) possesses 
the ability for differentiation into chondrocytes, osteoblasts and 
adipocytes in vitro.12 The self- renewal potential, associated with 
increased proliferative capacity, shed a promising light for vari-
ous clinical application of BMSCs transplants. Numerous studies 
identified the molecular mechanisms of BMSCs, emphasizing their 
beneficial effects in the course of fractures bone regeneration.13- 15 
The progenitor cells of bone marrow express critical markers for 
new bone formation, which included alkaline phosphatase (ALP), 
bone morphogenetic protein 2/4 (BMP- 2/4), osteoprotegerin 

(OPG), receptor activator of nuclear factor B (RANK), RANK li-
gand (RANKL), osteocalcin (OCL), osteopontin (OPN), wingless- 
type MMTV integration site family (Wnt) proteins and signalling 
through parathyroid hormone receptors.16,17

The pro- regenerative potential of BMSCs is also mediated by 
their paracrine activity and shedding the extracellular microvesicles 
(ExMV’s), which are particularly rich in growth factors, miRNAs or ln-
cRNAs.18- 20 Moreover, various miRNA and lncRNA have been shown 
recently to be involved in the mediation of balance between cell 
populations of osteoblast- like or osteoclast- like nature.7,21 Recent 
data suggest that the immunomodulatory activity of BMSCs makes 
them an even more promising therapeutic tool in terms of cell- based 
therapies in osteoporosis treatment.22

However, the metabolic imbalance associated with osteoporosis 
affects the activity of BMSCs. The cells are losing their valuable bi-
ological properties, such as proliferative activity and multipotency. 
Moreover, BMSCs isolated from osteoporotic patients show apop-
totic phenotype and accumulation of oxidative stress factors, which 
seriously reduce their viability. BMSCs isolated from osteoporotic 
rat show increased expression of several markers related to adipo-
genesis and simultaneously reduced expression of master regulators 
essential for bone formation.23,24 Thus, BMSCs are currently exten-
sively investigated since understanding their molecular nature under 
osteoporosis might bring us closer to understanding the molecular 
mechanism involved in osteoporosis development.

For that reason, in this study, for the first time, we have isolated 
BMSCs derived from osteoporotic mice strain SAM/P6 (BMSCSAM/

P6) and described it as a genuine and relevant in vitro model, allow-
ing determination of the molecular basis of osteoporosis develop-
ment Current models rely on BMSCs isolated from ovariectomized 
rats23,24 or patients with osteoporosis17,25,26 However, still the 
molecular aspects of BMSCs cytophysiology affected by osteopo-
rosis has not been fully elucidated. Here, we have characterized 
BMSCSAM/P6 proliferative and metabolic activity and determined 
the expression of common phenotype markers, critical for stemness. 
Moreover, using cytometric- based tests, we have confirmed lowered 
metabolism of the cells, associated with depolarization of the mito-
chondrial membrane, intracellular accumulation of reactive oxygen 
species (ROS), accompanied with down- regulation of mitofusin 1 
(MFN- 1) protein expression in osteoporotic BMSCs compared with 
BMSCs isolated from healthy tissue. Additionally, we have evaluated 
the multipotency of BMSCSAM/P6 and determined the expression 
profile of bone- related markers (lncRNA- miRNA- mRNA axis). The 
molecular pattern of miRNAs expression, for example miR- 21- 5p 
or miR- 124- 3p in osteoporotic murine BMSCs has not been previ-
ously evaluated by other authors. Moreover, the analysed miRNAs 
were referred to the expression of lncRNA (DANCR1) and mRNAs, 
including Runx- 2 (runt- related transcription factor 2), Trap (tartrate- 
resistant acid phosphatase) or Opn (osteopontin). Obtained results 
were compared with BMSCs isolated from healthy BALB/c mice 
(BMSCBALB/c). Here, we characterized novel bone marrow multipo-
tent stem cells that could be used in future research regarding oste-
oporosis, especially attributed to ageing.
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2  | MATERIAL S AND METHODS

2.1 | Isolation procedure and propagation of bone 
marrow- delivered progenitor stem cells

The bone marrow- derived stromal cells were isolated from long 
bones of mice collected from lower limbs. After removal, bones were 
washed twice in Hank's Balanced Salt Solution (HBSS) with 1% addi-
tion of antibiotics (P/S— penicillin and streptomycin). The distal parts 
of every bone were cut out. Following that, bone marrow was iso-
lated by its flushing from the medullary canal with an insulin syringe 
U- 40 (29G X 1/2′′ needle) filled with HBSS as described previously.27 
The cells were collected and centrifuged two times (300 × g, 4 min). 
Subsequently, the isolated cells were counted by Muse® Count & 
Viability Kit (Merck®; cat. no.: MCH100102, Poznan, Poland). The 
procedure was carried out following protocol provided by the manu-
facturer. Further, the cells were inoculated on the 24- well dishes at 
density 800 000 cells/well and suspended in 500 µL of complete 
growth medium (CGM), consisted of Ham's F- 12 Nutrient Mixture (F- 
12) supplemented with 15% of foetal bovine serum (FBS) and 1% of 
antibiotics (P/S). The cultures were propagated in sterile conditions 
using CO2 incubator with constant parameters: 5% CO2, 37°C and 
95% humidity. After 24 hours of culture, the media were removed 
and replaced by the fresh media in order to eliminate hematopoi-
etic cell lineage.28 All reagents used for cell cultures (media, HBSS, 
antibiotics, FBS) were derived from Sigma- Aldrich (Poznan, Poland).

During propagation culture condition, growth pattern, as well as 
cells morphology were monitored using Axio Observer A1- inverted 
microscope (Zeiss, Oberkochen, Germany) and documented with 
Canon PowerShot digital camera (Woodhatch, UK). The photo-
graphs were taken under 100× and 400× magnification.

2.2 | Analysis of BMSCs metabolic activity

The analysis of BMSCBALB/c and BMSCSAM/P6 metabolic activity was 
carried out by the use of well- established Alamar Blue test. After 
five days of cultures propagation, the cells were washed once with 
HBSS and 350 µL of CGM with 10% addition of resazurin dye so-
lution (Tox8- 1KT, Sigma- Aldrich, Munich, Germany) was added. 
Subsequently, the cultures were incubated for 2 hours in 37°C (5% 
CO2 and 95% humidity). After incubation, the supernatant was re-
moved and transported to the 96- well dish in six repetitions. The 
absorbance was measured at the wavelengths of 600 and 690 nm. 
The metabolic activity of BMSCs was calculated using formula: 
ΔA = A600nm –  A690nm.

2.3 | Immunocytochemical detection of CD44, 
CD73, CD90 and CD45

In order to characterize the isolated cells, surface markers typical 
for BMSCs were stained. After reaching ~80% of confluency, the 

cells were fixed with 4% PFA (paraformaldehyde) for 30 minutes 
at room temperature. Further, cultures were washed three times 
with HBSS and permeabilised with 0.2% PBS- Tween solution with 
10% addition of goat serum for 1 hour. Subsequently, specimens 
were washed 3 times with HBSS and incubated overnight at 4°C 
with primary antibodies: anti- CD44 (hpa005785, Sigma- Aldrich, 
Munich, Germany) in the dilution of 1:1000; anti- CD73 (ab54217, 
Abcam, Cambridge, UK) in the dilution of 0.1 µg/100 µL; anti-
 CD90 (ab92574, Abcam, Cambridge, UK) in the dilution of 1:100; 
and anti- CD45 (sc- 53047, Santa Cruz Biotechnology, Dallas, 
Texas, USA) in the dilution of 1:100. Anti- CD44, anti- CD90 an-
tibodies were produced in rabbit and anti- CD73, anti- CD45 anti-
bodies were produced in mouse. After the overnight incubation, 
the specimens were washed 3 times with HBSS. Following wash-
ing, specimens were incubated for 1 hour at room temperature 
with secondary antibodies: anti- mouse IgG— Atto 594 antibody 
produced in goat (76085, Sigma- Aldrich, Munich, Germany) and 
anti- rabbit IgG— Atto 594 antibody produced in goat (77671, 
Sigma- Aldrich, Munich, Germany). The concentration of sec-
ondary antibodies was 1:1000. Finally, specimens were washed 
(as above) and fixed on slides using the mounting medium with 
DAPI (4′,6- diamino- 2- phenolindole) as a nuclear counterstain 
(FluoroshieldTM with DAPI, Sigma- Aldrich, Munich, Germany). The 
specimens were analysed using a confocal microscope (Leica TCS 
SPE, Leica Microsystems, KAWA.SKA Sp z o.o., Zalesie Górne, 
Poland). The microscopic images were obtained by application of 
maximum intensity projection (Z- Project). The photographs were 
captured under 630× magnification. Obtained signals after cell 
surface antigens staining were measured using Fiji is just ImageJ 
and Pixel Counter plugin (version 1.52n, Wayne Rasband, National 
Institutes of Health, USA). The differences between the amount 
of colour pixels in CD44, CD45, CD73 and CD90 staining were 
determined in three technical repetitions and using three different 
thresholds (29, 30 and 31) within ImageJ Software.

2.4 | Chondrogenic, osteogenic and adipogenic 
differentiation of BMSCs

In order to prove the multipotent abilities of isolated BMSCs, chon-
drogenic, osteogenic and adipogenic differentiation of cultures were 
performed with differentiation media.

The chondrogenic medium was prepared using StemPro 
Osteocyte/Chondrocyte Differentiation Basal Medium (A10069- 01, 
Gibco, Life Technologies Corporation, USA) and StemPro 
Chondrogenesis Supplement (A10069- 01, Gibco, Life Technologies 
Corporation, USA) in the ratio of 10:1, respectively. The adipogenic 
medium was prepared using StemPro Adipogenesis Differentiation 
Basal Medium (A10410- 01, Gibco, Life Technologies Corporation, 
USA) and StemPro Adipogenesis Supplement (A10065- 01, Gibco, 
Life Technologies Corporation, USA) in the ratio of 10:1, respec-
tively. The chondrogenic and adipogenic media were supplemented 
with 0.05% of gentamycin, according to the manufacturer's protocol. 
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The fresh chondrogenic and adipogenic media were changed twice a 
week and maintained for 7 days.

The osteogenic medium was prepared using Minimum Essential 
Medium Eagle— Alpha Modification (MEM- α), supplemented with os-
teogenic factors as was described previously21 : 50 µg/mL of ascor-
bic acid (Sigma- Aldrich, Munich, German) and 10 nmol/L of β- glycerol 
phosphate disodium salt hydrate (Sigma- Aldrich, Munich, Germany). 
The fresh osteogenic medium was changed twice a week. The osteo-
genic conditions were maintained for 10 days. After the differentiation 
process, the cultures were collected for subsequent analyses.

2.5 | Evaluation of BMSCs extracellular matrix 
composition and neutral lipids staining after 
differentiation conditions

The protocol of extracellular matrix staining was described previ-
ously.21,29 Briefly, differentiated cultures of BMSCs were fixed with 
4% paraformaldehyde (PFA) for 15 minutes at room temperature and 
stained with specific dyes. Safranin- O was used for proteoglycans 
detection and Alizarin Red for calcium deposits detection. Obtained 
specimens were analysed using Axio Observer A1- inverted micro-
scope (Zeiss, Oberkochen, Germany) and documented with Canon 
PowerShot digital camera (Woodhatch, UK). The photographs of 
visualized proteoglycan and calcium deposits were taken under 100× 
magnification. In order to visualize the neutral lipid droplets, HCS 
LipidTOX Green Neutral Lipid Stain was used according to manufac-
turer's protocol (H34475, Sigma- Aldrich) and observed under a confo-
cal microscope (Leica TCS SPE, Leica Microsystems, KAWA.SKA Sp z 
o.o., Zalesie Górne, Poland). The photographs of visualized neutral lipid 
droplets were taken under 630× magnification. Obtained signals were 
measured using Fiji (ImageJ) and Pixel Counter plugin (version 1.52n, 
Wayne Rasband, National Institutes of Health, USA) as described pre-
viously.30 The differences between the amount of colour pixels were 
determined in three technical repetitions and using three different 
thresholds (osteogenesis/chondrogenesis— 239, 240 and 241; adipo-
genesis— 48, 50 and 51) within ImageJ Software.

2.6 | Immunocytochemical detection of RUNX- 2, 
OPN and TRAP

The procedure of RUNX- 2, OPN and TRAP protein staining using con-
focal microscopy was mentioned in Section 2.3. and was described 
previously in detail.21,31 The used primary antibody were anti- RUNX- 2 
antibody (F- 2) produced in mice (sc- 390351, Santa Cruz Biotechnology, 
Dallas, Texas, USA) diluted to concentration 1:50 in HBSS; anti- OPN 
antibody produced in rabbit (ab8448, Abcam, Cambridge, UK) diluted 
to concentration 1:100 in HBSS; and anti- TRAP antibody (D- 3) mouse 
monoclonal IgG1 (sc- 376875, Santa Cruz Biotechnology, Dallas, Texas, 
USA) diluted to concentration 1:50 in HBSS. Following incubation with 
primary antibody, samples were washed three times with HBSS and in-
cubated with secondary antibody (anti- mouse or anti- rabbit IgG— Atto 

594 antibody produced in goat, Sigma- Aldrich, Munich, Germany) 
for 1 hour at room temperature. The concentration of secondary an-
tibodies was 1:1000. The analysis of the samples was described in 
Section 2.3. The differences between the amount of colour pixels in 
RUNX- 2, OPN and TRAP staining were determined in three technical 
repetitions and using three different thresholds (29, 30 and 31) within 
ImageJ Software.

2.7 | Analysis of BMSCs apoptosis 
profile and viability

Analysis of apoptosis profile and viability in BMSC cultures was carried 
out using the Muse™ Annexin V & Dead Cell Kit (Merck®; cat. no.: 
MCH100105, Poznań, Poland). The procedure was performed accord-
ing to the producer's protocol after five days of culture propagation. 
Before the test cultures were trypsinised (StableCell Trypsin, Sigma- 
Aldrich, Munich, Germany) and suspended in 100 µL of phosphate- 
buffered saline (PBS) supplemented with 1% of FBS. Further, 100 µL 
of Muse™ Annexin V & Dead Cell Reagent was added to the cells and 
they were incubated at room temperature for 20 minutes. The reagent 
provided by the manufacturer consisted of two dyes: Annexin V and 
7- Aminoactinomycin D (7- AAD). The apoptosis profile and percentage 
of viable cells were determined by the use of MuseTM Cell Analyzer. 
Each analysis was performed in triplicate. The gating procedure of 
cells’ populations was based on the positive and negative controls.32- 34

2.8 | Analysis of BMSCs caspase activation profile

The activation of caspases was determined using the Muse™ 
MultiCaspase Kit (Merck®; cat. no.: MCH100109, Poznań, Poland). 
The whole procedure was performed accordingly to manufacturer's 
protocol and our previous experiment.35 Briefly, Caspase buffer was 
diluted 10× in DEPC- treated water and the MultiCaspase Reagent 
Stock Solution was diluted in 50 µL of DMSO. Other reagents were 
prepared for the analysis as it was described elsewhere.35 According 
to manufacturer instructions, the analysis of caspases activation was 
based on membrane permeable VAD- peptide that can detect mul-
tiple caspases for example caspase 1, −3, −4, −5, −6 −7, −8 and −9. 
Stained samples were incubated for 30 min (37°C, 95% humidity, 5% 
CO2) and 150 µL of MuseTM 7- AAD Working Solution was added in 
order to detect dead cells. The caspases activity profile was meas-
ured using MuseTM Cell Analyzer. Each analysis was performed in 
triplicate. The gating procedure of cells’ populations was based on 
the positive and negative controls.32- 34

2.9 | Analysis of BMSCs reactive oxygen 
species activation

The analysis of reactive oxygen species activation (ROS) was 
measured using the Muse™ Oxidative Stress Kit (Merck®; cat. no.: 
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MCH100111, Poznań, Poland). The staining procedure was per-
formed accordingly to producer's protocol and described previ-
ously.32 Briefly, after trypsinisation 10 µL of cells were added to 
190 µL of Muse Oxidative Stress Working Solution and incubated 
30 minutes in 37°C. The staining reagent was provided by manufac-
turer and based on dihydroethidium (DHE), which is widely used for 
ROS detection in many cell cultures.36 Then, the oxidative stress was 
measured using MuseTM Cell Analyzer. Each analysis was performed 
in triplicate. The gating procedure of cells’ populations was based on 
the positive and negative controls.32- 34

2.10 | Analysis of BMSCs mitochondrial membrane 
depolarisation status

The measurements of mitochondrial membrane depolarisation were 
determined using the Muse™ MitoPotential Kit (Merck®; cat. no.: 
MCH100110, Poznań, Poland). Firstly, Muse™ MitoPotential work-
ing solution was prepared by diluting MitoPotential Dye with 1X 
Assay Buffer in concentration of 1:1000. The MitoPotential Dye is 
a cationic, lipophilic solution that detects the changes in mitochon-
drial membrane potential and was provided by the manufacturer. 
Further, 95 µL of prepared dye was added to 100 µL of the cells and 
incubated 20 minutes in 37°C. After the incubation, 5 µL of Muse™ 
7- AAD was added to the samples in order to stain dead cells. After 
5 minutes of incubation in room temperature, the depolarisation of 
cells’ mitochondrial membrane was measured using MuseTM Cell 
Analyzer. Each analysis was performed in triplicate. The gating pro-
cedure of cells’ populations was based on the positive and negative 
controls.32- 34

2.11 | Analysis of MFN- 1 and PINK1 protein 
expression in BMSCs

In order to determine the extracellular level of accumulated pro-
teins, the cell cultures were lysed by the use of ice- cold RIPA buffer 
supplemented with 1% of protease and phosphatase inhibitor 
cocktail (Sigma- Aldrich, Munich, Germany). The Bicinchoninic Acid 
Assay Kit was used to determine the amount of isolated protein 
(Sigma- Aldrich, Munich, Germany). The samples containing 8 µg of 
protein were mixed with 4× Laemmli loading buffer and incubated 
at 95°C for 5 min in T100 Thermal Cycler (Bio- Rad, Hercules, CA, 
USA). The electrophoresis reaction (SDS- PAGE) was performed 
in 11% sodium dodecyl sulphate- polyacrylamide gel for 90 min-
utes at 100V using Mini- PROTEAN Tetra Vertical Electrophoresis 
Cell (Bio- Rad, Hercules, CA, USA). Subsequently, the samples 
were transferred into polyvinylidene difluoride membrane (PVDF) 
using the Mini Trans- Blot® system (Bio- Rad, Hercules, CA, USA) 
for 1h at 100V. Then, membranes were blocked by the use of 
5% skim milk powder in TBST buffer for 1h and then incubated 
overnight at 4°C with primary antibodies. The used primary anti-
bodies were anti MFN- 1 antibody produced in rabbit (orb11040, 

Biorbyt) in dilution 1:500 and anti PINK1 antibody produced in 
rabbit (orb331223, Biorbyt) in dilution 1:250. The reference was 
anti β- ACT antibody produced in rabbit (a5441, Sigma- Aldrich) in 
dilution 1:2500. Membranes were washed 5 times for 5 min in 
TBST buffer. The incubation with secondary antibodies was per-
formed for 1h at 4°C (Goat Anti- Rabbit IgG Antibody in dilution 
1:2500, ap156p, Sigma- Aldrich). Subsequently, membranes were 
washed 5 times as described previously and analysed using Bio- 
Rad ChemiDoc™ XRS system (Bio- Rad, Hercules, CA, USA). The 
chemiluminescent signal was detected by the use of DuoLuX® 
Chemiluminescent and Fluorescent Peroxidase (HRP) Substrate 
(Vector Laboratories). The signal intensity and molecular weight of 
detected proteins was analysed using Image Lab™ Software (Bio- 
Rad, Hercules, CA, USA).

2.12 | Analysis of mRNA, miRNA and 
lncRNA expression

The transcripts levels for selected mRNA, miRNA and lncRNA 
were evaluated using reverse transcription quantitative polymer-
ase chain reaction (RT- qPCR). After experiment, cultures were ho-
mogenized using 1 mL of Extrazol® (Blirt DNA, Gdańsk, Poland). 
The isolation procedure of RNA was performed accordingly to 
manufacturer's protocol. After isolation, total RNA was diluted in 
molecular grade water (Sigma- Aldrich, Poznan, Poland). The quan-
tity and purity was evaluated spectrophotometrically at 260 and 
280 nm wavelength (Epoch, BioTek, Bad Friedrichshall, Germany). 
The gDNA was digested by total RNA treatment with DNase 
I using PrecisionDNAse Kit (Primerdesign, BLIRT SA, Gdańsk, 
Poland). Synthesis of cDNA was performed from 190 ng of isolated 
RNA applying Tetro cDNA Synthesis Kit (Bioline Reagents Limited, 
London, UK). The procedure was carried out accordingly to manu-
facturers’ protocol in T100 Thermal Cycler (Bio- Rad, Hercules, CA, 
USA). Moreover, Mir- XTM miRNA First- Strand Synthesis Kit (Takara 
Clontech Laboratories, Biokom, Poznań, Poland) was used to eval-
uate non- coding RNA levels. For this purpose, 150 ng of RNA was 
used and the procedure was carried out according to the manufac-
turer's protocol.

RT- qPCR was performed with SensiFAST SYBR®&Fluorescein 
Kit (Bioline Reagents Ltd., London, UK) in CFX Connected Real- Time 
PCR Detection System (Bio- Rad, Hercules, CA, USA). The reaction 
for mRNA and lncRNA was carried out according to presented con-
ditions: 95°C for 2 minutes (initial denaturation), then 45 cycles at 
95°C for 5 s, annealing for 10 s and 72°C for 5 s (elongation). The 
melting curve using a gradient protocol (65°C– 95°C with heating rate 
0.2°C/s). For miRNA levels detection, all reaction conditions main-
tain the same; however, annealing temperature was always 58.8 °C. 
All reactions were performed in at least three repetitions. Relative 
values of transcripts were calculated using RQMAX algorithm and 
presented in the graphs after conversion into log2 scale. The tran-
scripts levels for mRNA and lncRNA were normalized to the house-
keeping gene Gapdh (glyceraldehyde 3- phosphatehydrogenase) and 
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B2m (beta- 2- microglobulin). The transcript levels for miRNA were 
calculated in relation to a snU6 gene. The list of used primers are 
enclosed in Table 1.

2.13 | Statistical analyses

Experimental values are presented as means of obtained from at 
least three technical repetitions and they supplemented with stand-
ard deviation (±SD). The statistical calculations and data presen-
tation was done with GraphPad Prism 5 (GraphPad Software, San 
Diego, CA, USA). The data were analysed using Student's t test. 
Differences were considered as statistically significant at P < .05. 

Significant differences between groups were indicated with aster-
isks: * P < .05, ** P < .01, *** P < .001. Non- significant differences 
were marked as ns.

3  | RESULTS

3.1 | Characterization of isolated BMSCs— growth 
pattern, metabolic activity and multipotency

Isolated BMSCs, derived both from SAM/P6 and BALB/c mice, were 
successfully cultured in the monolayer system in sterile plastic dishes 
and maintained in the CO2 incubator with constant conditions: 

TA B L E  1   The list of primers used for RT- qPCR

Gene Primer Sequence 5′- 3′ Annealing [°C]
Amplicon 
length [bp] Accesion no.

Igf- 1 F:AGAGCCTGCGCAATGGAATA 58,8 152 NM_010512.5

R:TGCTGATTTTCCCCATCGCT

Bcl- 2 F:ATCGCCCTGTGGATGACTGAG 58,8 129 NM_000633.2

R:CAGCCAGGAGAAATCAAACAGAGG

Bax F:ACCAAGAAGCTGAGCGAGTGTC 58,8 414 NM_001291428.1

R:ACAAAGATGGTCACGGTCTGCC

Mmp- 9 F:GATGCCAACCTCCTCAACGA 60 211 NM_053056.2

R:GGAAGCGGTCCAGGTAGTTC

Runx- 2 F:TCCGAAATGCCTCTGCTGTT 58,8 130 NM_001271630.1

R:GCCACTTGGGGAGGATTTGT

Coll- 1 F:CAGGGTATTGCTGGACAACGTG 61,4 107 NM_007742.4

R:GGACCTTGTTTGCCAGGTTCA

Opn F:AGACCATGCAGAGAGCGAG 57,3 340 NM_001204203.1

R:GCCCTTTCCGTTGTTGTCCT

Ocl F:GGTGCAGACCTAGCAGACACCA 57 100 NM_001032298.3

R:CGCTGGGCTTGGCATCTGTAA

Opg F:AGCCACGCAAAAGTGTGGAA 58,8 149 NM_008764.3

R:TCCTCTCTACACTCTCGGCA

Trap F:GTCTCTGGGGGACAATTTCTACT 60 241 XM_006509945.3

R:GTTTGTACGTGGAATTTTGAAGC

Rankl F:ACGCAGATTTGCAGGACTCGAC 58,8 493 NM_011613.3

R:TTCGTGCTCCCTCCTTTCATC

Gapdh F:GTCAGTGGTGGACCTGACCT 58,8 256 NM_001289746.1

R:CACCACCCTGTTGCTGTAGC

DANCR1 F:GCCACTATGTAGCGGGTTTC 58,8 129 NR_024031.2

R:ACCTGCGCTAAGAACTGAGG

miR- 7a- 5p TGGAAGACTAGTGATTTTGTTGT 58,8 - MIMAT0000677

miR- 17- 5p CAAAGTGCTTACAGTGCAGGTAG 58,8 - MIMAT0000649

miR- 21a- 5p TAGCTTATCAGACTGATGTTGA 58,8 - MIMAT0000530

miR- 124- 3p TAAGGCACGCGGTGAATGCC 58,8 - MIMAT0000134

miR- 145- 5p GTCCAGTTTTCCCAGGAATCCCT 58,8 - MIMAT0000437

miR- 203a- 3p GTGAAATGTTTAGGACCACTAG 58,8 - MI0000283

miR- 223- 3p TGTCAGTTTGTCAAATACCCCA 58,8 - MIMAT0000280
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37°C, 5% CO2 and 95% of humidity (Figure 1A). The morphology 
and growth pattern of BMSC cultures were characteristic for het-
erogenic population of multipotent stromal cells, with the predomi-
nant presence of fibroblast- like, spindle- shaped cells. The primary 
cultures of BMSCSAM/P6 had lowered confluency when compared to 
BMSCBALB/c, what was also reflected by their decreased proliferative 
activity. The metabolic activity of isolated BMSCs, measured by the 
use of Alamar Blue assay, showed that BMSCSAM/P6 metabolic rate 
was reduced (P <.05), and culture growth was impeded (Figure 1A 
and B).

Immunocytochemical staining showed that BMSCSAM/P6 and 
BMSCBALB/c expressed typical cell surface confirming their mesen-
chymal origin (CD44, CD73 and CD90) and did not express CD45 
characteristic for haematopoietic cells (Figure 1C). Importantly, 
the expression of CD44 and CD90 in BMSCSAM/P6 decreased 
(P < .05 and P < .001, respectively), compared with BMSCBALB/c 
(Figure 1D).

After reaching around 80% of confluency, the cultures were 
differentiated under chondrogenic, osteogenic and adipogenic 
conditions (Figure 1E, F and G). When the differentiation process 
was finished, the extracellular matrix (ECM) formed in cultures was 
stained by specific dyes in order to analyse the amount of proteo-
glycans deposits (Safranin- O staining), calcium deposits (Alizarin 
Red staining) and lipid droplets (LipidTox staining). No differences 
were noticed in the potential of both, BMSCSAM/P6 and BMSCBALB/c, 
to differentiate into cartilage tissue (Figure 1F and I). However, the 
analyses of ECM composition indicated on lower potential (P < .001) 
of BMSCSAM/P6 to differentiate into bone tissue, compared with 
BMSCBALB/c (Figure 1E and H). Simultaneously, BMSCSAM/P6 pre-
sented increased potential (P < .001) for lipid droplets formation and 
accumulation, when compared to BMSCBALB/c (Figure 1G and J).

3.2 | The BMSCs ultrastructure and expression of 
osteogenic markers

Confocal imaging of cultures showed that the cytoskeleton network 
in BMSCSAM/P6 is less developed than in BMSCBALB/c. Additionally, the 
formation of cytoplasmic projections was less visible in BMSCSAM/P6 
than in BMSCBALB/c. Poorly established actin cytoskeleton and in-
tracellular connections influenced decreased confluency (cell to cell 
contact) in BMSC SAM/P6 cultures (Figures 1A and 2A). However, sig-
nificant differences were noticed in the expression of osteogenesis- 
dependent proteins: RUNX- 2 (runt- related transcription factor 2), 
OPN (osteopontin) and TRAP (tartrate- resistant acid phosphatase). 
The BMSCs isolated from SAM/P6 mice were characterized by 
lowered expression of RUNX- 2 (P < .05) and OPN (P < .001) pro-
teins, key factors regulating osteogenic potential of progenitor cells 
(Figure 2B and D). Simultaneously, the expression of an osteoclas-
tic marker, that is TRAP was increased (P < .001) in BMSCSAM/P6, 
while BMSCBALB/c cultures showed reversed phenotype. (Figure 2F). 
Obtained results are consistent with decreased deposition of cal-
cium in ECM formed by BMSCSAM/P6 (Figure 1E and H).

3.3 | Decreased expression of osteogenic markers 
is characteristic for BMSC derived from mice with 
osteoporotic phenotype

The analysis performed by the use of RT- qPCR technique indicated 
that BMSCSAM/P6 are characterized by the reduced level of tran-
scripts associated with proper osteogenesis and bone homeostasis. 
It has been shown that BMSCSAM/P6 had decreased mRNA level of 
Coll- 1 (P < .05; collagen type 1), Opg (P < .05; osteoprotegrin) and 
Opn (P < .01; osteopontin) (Figure 3B, C and E). Moreover, the ten-
dency of the expression of Runx- 2 (runt- related transcription factor 
2) and Ocl (osteocalcin) in BMSCs indicated on the osteoporotic phe-
notype of BMSCs derived from SAM/P6 mice strain (Figure 3A and 
D).

3.4 | Increased levels of Trap and osteogenesis- 
dependent non- coding RNAs distinguish BMSC 
derived from osteoporotic mice

The RT- qPCR analysis of mRNAs and non- coding RNAs associated 
with osteoclastogenesis and bone loss confirmed the osteoporotic 
phenotype of BMSCSAM/P6 cultures. The expression level of non- 
coding DANCR1 (differentiation antagonizing non- protein cod-
ing RNA 1) was significantly up- regulated (P < .05) in BMSCSAM/

P6 (Figure 4A). Moreover, it has been shown that the expression of 
Trap (tartrate- resistant acid phosphatase) in BMSCSAM/P6 was sig-
nificantly elevated (P < .01), compared with BMSCBALB/c (Figure 4B). 
Furthermore, the analyses showed that the levels of typical miR-
NAs, characteristic for osteoporotic bone, were highly expressed 
in BMSCSAM/P6. We noted elevated levels of miR- 124- 3p (P < .05; 
Figure 4D), miR- 7a- 5p (P < .001; Figure 4E), miR- 17- 5p (P < .001; 
Figure 4F), miR- 145- 3p (P < .001; Figure 4G), miR- 203a (P < .001; 
Figure 4H) and miR- 223- 3p (P < .001; Figure 4I). The difference in 
the level of miR- 21- 5p, known from its dual activity towards bone 
cells, was insignificant (Figure 4C).

The expression profile of transcripts determined in BMSCBALB/c 
and BMSCSAM/P6 was also presented as a heatmap in Supporting 
Information (Figure S1).

3.5 | BMSC from osteoporotic mice are 
characterized by apoptotic phenotype and increased 
oxidative stress

It has been shown that BMSCs delivered from osteoporotic SAM/
P6 mice were characterized by a lower ratio of viable cells (P < .01; 
Figure 5A and B) and a greater ratio of dead cells (P < .01; Figure 5A 
and C), compared with BMSCBALB/c. Moreover, BMSCSAM/
P6 had a significantly greater ratio of cells that undergo apoptosis 
(P < .01; Figure 5A and D). The analysis performed by the use of 
RT- qPCR technique showed no differences in the expression of 
important markers associated with programmed cell death, that is 
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pro- apoptotic Bax (Bcl- 2- associated X protein) and anti- apoptotic 
Bcl- 2 (B- cell lymphoma 2) (Figure 5F and G). However, BMSCSAM/P6 
expressed more transcript for Mmp- 9 (P < .05; metalloproteinase 9), 
an additional marker of apoptotic cells.37

The examination of oxidative stress in the isolated BMSCs indi-
cated an increased accumulation of reactive oxygen species (ROS) in 
BMSCSAM/P6 (P < .01; Figure 5H and J). In turn, the reactivity of ROS 
in BMSCBALB/c was lesser (P <.01; Figure 5H and I). Furthermore, it 
has been shown that BMSCSAM/P6 accumulates more transcripts for 
Igf- 1 (P < .001; insulin- like growth factor 1). In correspondence with 
increased ROS, the up- regulated Igf- 1 may be associated with the 
pro- inflammatory activity of progenitor cells derived from bone mar-
row of SAM/P6 mice (Figure 5K).

3.6 | Decreased viability of BMSC from 
osteoporotic mice can be a caspase- 
independent process

The flow cytometry- based measurements showed that BMSCSAM/

P6 were characterized by a lower cell ratio with activated caspases 
(P < .01; Figure 6A and D). However, the ratio of viable cells was 
decreased (P < .01) in BMSCSAM/P6 (Figure 6A and B) and ratio of 
dead cells was increased in BMSCSAM/P6 (P < .001; Figure 6A and C), 
compared with BMSCBALB/c. Obtained data suggested that the dete-
riorated viability of BMSCSAM/P6 is not a result of caspase- dependent 
processes.

3.7 | BMSCs with osteoporotic 
phenotype are characterized by mitochondrial 
membrane depolarisation and impaired dynamics of 
mitochondrial network

The mitochondrial membrane depolarisation status indicated on el-
evated cell ratio with depolarised mitochondrial membrane (P < .05) 
in BMSC isolated from SAM/P6 mice (Figure 7A and D). Thus, low-
ered activity of caspases and decreased viability of BMSCSAM/P6 
may be associated with mitochondrial- dependent pathway. The 
analysis of BMSCSAM/P6 viability, based on mitochondrial membrane 
potential, confirmed the increased death occurrence (P < .01) in 
those cultures (Figure 7A and C). Moreover, it has been shown that 

osteoporotic BMSCSAM/P6 were characterized by down- regulation of 
protein levels for MFN- 1 (mitofusin 1; Figure 7E and F; P < .05) and 
PINK1 (PTEN- induced kinase 1; Figure 7E and G; P < .05) compared 
with healthy BMSCBALB/c.

4  | DISCUSSION

A new bone formation requires constant replenishment of the 
osteoblast from progenitor/stem cells mobilized from bone mar-
row. That cell lineage population needs to proliferate, differentiate 
and finally deposit a tissue- specific extracellular matrix to create 
well- developed and functional tissue. Numerous research groups 
worldwide study the biology of bone marrow- derived stromal cells 
(BMSCs) in terms of osteoporosis development. Such studies are 
aimed to explore the cellular and molecular mechanisms involved 
in the progress of osteoporosis. So far, the ovariectomised rat de-
rived BMSCs model has been extensively used for investigation of 
postmenopausal osteoporosis.38,39 However, there are limited data 
regarding the biology of BMSCs characterized by senescence phe-
notype. Complete characterization of such population is needed to 
describe an appropriate model for investigating molecular and thera-
peutic targets of age- related osteoporosis development.

Thus, for the first time in this study, we demonstrated and 
characterized a novel bone marrow- derived stromal cells popu-
lation isolated from senescence- accelerated mouse stain prone 6 
(BMSCSAM/P6) that resemble age- dependent osteoporosis. Isolated 
cells exhibited senescence- like phenotype, reduced proliferative 
and metabolic activity and seriously impaired multilineage differ-
entiation potential comparing to the wild- type BMSCs delivered 
from healthy BALB/c mice (BMSCBALB/c). The isolated BMSCs were 
characterized by typical markers such as CD44, CD73 and CD90, 
confirming their mesenchymal origin and indicating stemness. 
Moreover, obtained BMSCs showed lack of CD45 expression, 
which excludes their hematopoietic origin. Notably, BMSCSAM/P6 
were characterized by reduced expression of CD44 and CD90, 
which are markers critical for multipotency of stromal cells and 
are related to progenitor cells’ proliferative activity.40 Obtained 
data are in line with previous research performed on BMSCs de-
rived from patients with senile osteoporosis. The study showed 
that bone- marrow progenitor cells of patients with age- related 
osteoporosis are characterized by reduced proliferative activity, 

F I G U R E  1   Characterization of BMSCs: The inverted light microscope images of BMSCBALB/c and BMSCSAM/P6. The photographs were 
captured under 100-  and 400- fold magnification. The scale bars are equal 200 µm and 50 µm, respectively (A). The results of metabolic 
assay (Alamar Blue) determined for both tested population of BMSCs (B). The visualization of cells’ surface markers: CD44, CD73, CD90 
and CD45. The microphotographs were taken using confocal microscope under 630× magnification. The scale bar is equal 20 µm (C). The 
comparative analysis based on staining intensity of surface markers presented as grouped bar graph (D). The images of BMSCs differentiated 
under osteogenic (E), chondrogenic (F) and adipogenic conditions (G). The photographs of cultures that undergo chondro-  and osteogenesis 
were taken by the use of inverted light microscope under 100- fold magnification, and the scale bar is equal 200 µm. The photographs 
of cultures that undergo adipogenesis were taken using confocal microscopy in order to visualize cells’ nuclei (DAPI) and lipid droplets 
(LipidTox). The confocal images were captured under 630- fold magnification, and the scale bar is equal 40 µm. The stainings intensity 
measured in differentiated cultures was presented as bar graphs (H, I and J). Significant differences between groups are indicated with 
asterisks: * P < .05, ** P < .01, *** P < .001. Non- significant differences are marked as ns
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impaired phenotype, what affected disturbed recruitment and re-
duced regenerative potential.26 Numerous studies confirmed that 
increased patient age correlates with decreased beneficial proper-
ties of progenitor cells, namely “stemness” depending on lowered 

self- renewal potential and causing defective extracellular matrix 
formation.41,42

Moreover, progenitor cells with senescence phenotype exhibit 
seriously deteriorated multilineage differentiation potential, limiting 

F I G U R E  2   The morphology of BMSCs and expression of important osteogenic markers. The images show representative photographs (Z- 
stacks) of: cells’ nuclei (DAPI) with actin cytoskeleton (Phalloidin) and co- localisation of RUNX- 2 protein (A); cell's nuclei with co- localisation 
of OPN protein (C); cells’ nuclei with co- localisation of TRAP protein (E). The photographs were taken under 630- fold magnification. The 
scale bar is equal to 40 µm. Moreover, the staining intensity (amount of red pixels) of visualized RUNX- 2, OPN and TRAP proteins were 
analysed and presented as bar graphs (B, D and F). Significant differences between groups are indicated with asterisk: *P < .05, **P < .01, 
***P < .001. Non- significant differences are marked as ns
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their clinical application.25,43 We have found that BMSCSAM/P6 were 
prone to accumulate lipid droplets and showed enhanced adipogenic 
differentiation. That indicates an advantage of adipogenic over os-
teogenic and/or chondrogenic- like phenotype of BMSCs derived 
from patients suffering from senile osteoporosis. The loss of osteo-
genic potential of BMSCSAM/P6 was also related to decreased expres-
sion of RUNX- 2 and OPN expression and increased TRAP levels, 
characteristic for osteolytic cells.

Furthermore, cytometric- based analyses of BMSCs’ viability in-
dicated on the apoptotic profile of BMSCSAM/P6. Cells isolated from 
osteoporotic SAM/P6 mice were characterized by a lowered ratio of 
viable cells, simultaneously with a greater ratio of dead and apop-
totic cells. Moreover, BMSCSAM/P6 expressed increased mRNA levels 
for Mmp- 9 (gelatinase B), which can serve as an additional marker 
of cells that undergo apoptosis.37,44 It has been shown that MMP- 9 
may modulate the viability of cells, affecting pro- apoptotic and anti- 
apoptotic signals and proteins, such as BAX, BCL- 2, PARP or CASP- 3. 
However, MMP- 9 influence on the viability of BMSC has not been 
yet elucidated.

The decreased viability of BMSCSAM/P6 was also associated 
with the accumulation of reactive oxygen species (ROS) and cor-
responded to up- regulated expression of Igf- 1. It has been proven 
that oxidative stress influences inflammatory cytokines like TNF- α 
or interleukins, which orchestrated synergy plays a key role during 
intercellular redox state, leading to important alterations of the dif-
ferentiation process and osteoporosis development.45,46 Notably, 
BMSCSAM/P6 were characterized by significant depolarisation of the 
mitochondrial membrane, which also correlates with an apoptotic 
phenotype of BMSCSAM/P6. However, the analyses of caspases acti-
vation suggested that the apoptosis of BMSCSAM/P6 is not a caspase- 
dependent process. It has been shown that caspase- independent cell 

death (CICD) is an alternative pathway of programmed cell death. 
Although CICD proceeds in slower kinetics than classic apoptosis, it 
is related to large- scale cytoplasmic vacuolisation, peripheral nuclear 
condensation and autophagosome accumulation.47,48 Importantly, 
this mechanism of apoptosis is also reflected by depolarisation of 
the mitochondrial membrane. Nevertheless, more insightful exam-
ination needs to be performed to specify the apoptosis phenotype 
of BMSCSAM/P6 in detail.

The mitochondrial depolarization accompanied with accumula-
tion of ROS, characteristic for BMSCSAM/P6 stands in line with low-
ered expression of mitofusin 1 (MFN- 1) and PTEN- induced kinase 
1 (PINK1) protein. It has been previously shown that MFN- 1 plays 
a vital role in the process of mitochondria fusion, thus maintaining 
proper mitochondrial dynamics.49,50 Importantly, the impaired mito-
chondrial functionality caused by knockout of MFN- 1 in BMSCs has 
been previously associated with enhanced apoptosis and suppres-
sion of osteogenesis.51 Morover, previous studies have distinguished 
PINK1 as an essential regulator of mitochondria quality control, pro-
tecting against oxidative stress and disposal of damaged mitochon-
dria.52,53 Moreover, Feng et al (2021) have noted that PINK1 was 
highly engaged in the process of mitophagy in the rat BMSCs and 
proven its importance in maintaining the BMSCs’ stemness.54

Our previous study has shown that increased patient age corre-
sponds with adipogenic and osteoclasts like phenotype of multipo-
tent stromal cells, associated with high expression of p53.43 However, 
the mechanism of that phenomenon is still poorly investigated. For 
that reason, in this study, we investigated the expression of critical 
transcripts involved in regulating osteogenesis on mRNA, miRNA, 
and lncRNA. We have found, that BMSCSAM/P6 expressed higher os-
teoclasts related transcripts including Trap and long non- coding RNA 
DANCR1 together with elevated expression of miR- 7a- 5p, miR- 17- 5p, 

F I G U R E  3   The analysis of genes’ transcriptomes (mRNA) associated with osteogenesis and bone homeostasis. The measurements were 
performed with RT- qPCR technique, calculated using RQMAX method and presented in a log scale. The analysed targets were Runx- 2 (A); 
Coll- 1 (B); Opg (C); Ocl (D) and Opn (E). Significant differences between groups are indicated with asterisk: *P < .05, **P < .01, ***P < .001. 
Non- significant differences are marked as ns
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F I G U R E  4   The analysis of genes’ 
transcriptomes (mRNA and non- coding 
RNA) associated with osteoporosis and 
bone loss. The measurements were 
performed with RT- qPCR technique, 
calculated using RQMAX method and 
presented in a log scale. The analysed 
targets were DANCR1 (A); Trap (B); 
miR- 21- 5p (C); miR- 124- 3p (D); miR- 7a- 5p 
(E); miR- 17- 5p (F); miR- 145- 3p (G); miR- 
203a (H) and miR- 223- 3p (I). Significant 
differences between groups are indicated 
with asterisk: *P < .05, **P < .01, 
***P < .001. Non- significant differences 
are marked as ns

F I G U R E  5   The BMSCs’ apoptosis profile and oxidative stress. The representative graphs of cells’ populations divided into four groups 
related to apoptosis profile (A): live (left bottom corner), dead (left upper corner), early apoptosis (right bottom corner) and late apoptosis 
(right upper corner). The comparison analysis of viable cells (B), dead cells (C) and apoptotic cells (D). The representative graphs of cells’ 
populations divided into two groups related to reactive oxygen species activation (H): ROS- negative cells (blue colour) and ROS- positive 
cells (red colour). The comparison analysis of ROS- negative cells (I) and ROS- positive cells (J). The mRNA expression of genes associated 
with cells’ viability and inflammation: Mmp- 9 (E), Bax (F), Bcl- 2 (G) and Igf- 1 (K). The genes’ transcript levels were measured using RT- qPCR 
technique, calculated with RQMAX method and presented in log scale. Significant differences between groups are indicated with asterisk: * 
P <.05, ** P <.01, *** P <.001. Non- significant differences are marked as ns
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miR- 124- 3p, miR145- 3p, miR- 203a and miR- 223- 3p, which are crit-
ical for modulation of osteogenesis. Trap belongs to the most com-
mon bone resorption markers naturally secreted by osteoclasts55 
within resorption sites. The increased expression of TRAP was char-
acteristic for BMSCSAM/P6 and determined both at mRNA, as well 
as protein level. TRAP activity correlates not only with resorptive 
activity of osteoclasts, but also might be implicated in autoimmune 
disorders.56 The complex role of TRAP has been explained by its key 
role in both bone homeostasis and the immune system.56,57 Many 
papers indicated that TRAP is not only the typical marker of osteo-
clasts, but also a significant player during chronic inflammation.58 
Moreover, Solberg et al showed that Trap expression in osteoblasts 
and osteocytes could be related to the capability of this enzyme to 
phosphorylate the pro- osteogenic proteins widely expressed by this 
cell types.59 Thus, the molecular significance of Trap expression in 
multiple cell types has not been yet well elucidated.

Additionally, in this study, the high correlation between Trap and 
lncRNA DANCR1 has been shown. Recent data indicate the critical 
role of DANCR1 in osteoclastogenesis and osteoblasts differenti-
ation.60 The high expression of DANCR1 in BMSCSAM/P6 might un-
derline their similarity to osteoporotic human BMSCs that acquires 
osteoclast- like phenotype. It was shown that lncDANCR is highly 
expressed in osteoporotic patients and promotes IL- 6 and TNF- α 
expression at mRNA and protein level in human blood mononuclear 

cells (MNC). The lncDANCR1 increased resorbing activity of MNC, 
which can serve as a source of osteoclasts.60 Therefore, we believe 
that DANCR1, as a result of its involvement in osteoporosis pathol-
ogy in humans, may also serve as a biomarker for osteoporosis in 
BMSCSAM/P6.

Moreover, we have established the profile of small non- coding 
RNAs profile (miRNA/miR), involved in the epigenetic regulation of 
bone development and homeostasis. We have found that BMSCSAM/

P6 exhibit significantly increased miR levels including miR- 7a- 5p, miR- 
17- 5p, miR- 124- 3p, miR145- 3p, miR- 203pa and miR- 223- 3p. Those 
molecules are associated with senescence-  and age- dependent os-
teoporosis.61- 68 Mentioned miRNAs were highly expressed in oste-
oporotic BMSCs, however, in our previous articles, we have proven 
the dual role of the several miRNAs, including miR- 124- 3p, miR- 203a 
and miR- 223- 3p.7,21 For that reason, the miRNAs biology needs to be 
determined. The miRNAs can be encapsulated in extracellular exo-
somes and/or microvesicles and released into osteoporotic tissue mi-
croenvironment. Moreover, mounting evidence show that miRNAs 
delivered through exosomes are present in body fluids, for example 
in blood, saliva and urine, thus influence distant cells of different 
types and may serve as diagnostic and prognostic markers.69- 71

Finally, as a result of the accumulation of the high amount of 
ROS and depolarised mitochondrial membrane, BMSCSAM/P6 de-
fectively expressed master regulators of osteogenesis including 

F I G U R E  6   The activation of caspases in BMSCs. The representative graphs of cells’ populations divided into four groups (A): live (left 
bottom corner), dead (left upper corner), viable cells with activated caspases (right bottom corner) and dead cells with activated caspases (right 
upper corner). The comparison analysis of viable cells (B), dead cells (C) and cells with activated caspases (D). Significant differences between 
groups are indicated with asterisk: *P < .05, **P < .01, ***P < .001. Non- significant differences are marked as ns
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Coll- 1, Opg and Opn, leading to the reduction in extracellular matrix 
mineralisation. The reduced expression of Coll- 1, Opg and Opn has 
been previously shown in ovariectomised rat or human BMSCs de-
rived from osteoporosis patients.72- 75 Our data confirmed that se-
nile osteoporosis influence the expression of OPN, both at mRNA 
and protein level. Previously, OPN was described as a protective 
factor against postmenopausal osteoporosis development, while 
OPG is a well- known inhibitor of osteoclastogenesis that protects 
against age- dependent osteoporosis development. Thus, reduced 

expression of both Opn and Opg noted in BMSCSAM/P6 confirms a 
similar mechanism that modulates bone resorption in humans with 
senile osteoporosis.

Interestingly, mRNA expression for transcription factor Runx- 2 
noted in BMSCSAM/P6 and BMSCBALB.c was comparable. However, 
the analysis of RUNX- 2 protein expression also confirmed disturbed 
osteogenic potential of BMSCSAM/P6. A similar tendency has been 
observed by Corrigan and colleges26 indicating the impaired osteo-
blast differentiation of human BMSCs derived from the osteoporotic 

F I G U R E  7   The electrostatic potential of mitochondrial membrane and mitochondrial dynamics in BMSCs. The representative graphs 
of cells’ populations divided into four groups (A): live (right bottom corner), dead (right upper corner), depolarised/live (left bottom corner) 
and depolarised/dead (left upper corner). The comparison analysis of viable cells (B), dead cells (C) and cells with depolarised mitochondrial 
membrane (D). The representative graph of Western blot (E). The mitochondrial dynamics was evaluated by protein level of MFN- 1 (F) and 
PINK1 (G). Significant differences between groups are indicated with asterisk: *P < .05, **P < .01, ***P < .001. Non- significant differences 
are marked as ns
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patients. Moreover, Zannata et al showed that RUNX- 2 regulates 
bone formation and remodelling throughout life, and its expression 
profile is age- dependent and correlates with bone mineral density 
(BMD).76

This study indicates that BMSCSAM/P6 exhibit a high similarity 
with progenitor cells isolated from osteoporotic human patients, 
thus becoming a novel model for in vitro study to develop new and 
efficient therapeutic strategies for age- related (senile) osteoporosis. 
The SAM/P6 model of osteoporosis has a valuable impact on the 
preclinical examinations of age- related osteoporosis and might help 
to develop more effective strategies of treatment. Here, we have 
performed profound characteristic of BMSCSAM/P6 cytophysiology, 
with particular attention on self- renewal and multilineage potential. 
The BMSCSAM/P6 show features of ageing and senescent cells, with 
lowered pro- regenerative function, related to decreased osteogenic 
potential and enhanced accumulation of a lipid vacuoles. Given the 
limited access to human cells with age- related and senescence phe-
notype typical for senile osteoporosis, the BMSCSAM/P6 can be used 
successfully as a reliable model to explore and establish novel agents 
for osteoporosis treatment.
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MiR-21-5p regulates the dynamic 
of mitochondria network and rejuvenates 
the senile phenotype of bone marrow stromal 
cells (BMSCs) isolated from osteoporotic SAM/
P6 mice
Mateusz Sikora1  , Agnieszka Śmieszek1, Ariadna Pielok1 and Krzysztof Marycz2,3*   

Abstract 

Background Progression of senile osteoporosis is associated with deteriorated regenerative potential of bone 
marrow-derived mesenchymal stem/stromal cells (BMSCs). According to the recent results, the senescent phenotype 
of osteoporotic cells strongly correlates with impaired regulation of mitochondria dynamics. Moreover, due to the 
ageing of population and growing osteoporosis incidence, more efficient methods concerning BMSCs rejuvenation 
are intensely investigated. Recently, miR-21-5p was reported to play a vital role in bone turnover, but its therapeutic 
mechanisms in progenitor cells delivered from senile osteoporotic patients remain unclear. Therefore, the goal of this 
paper was to investigate for the first time the regenerative potential of miR-21-5p in the process of mitochondrial net-
work regulation and stemness restoration using the unique model of BMSCs isolated from senile osteoporotic SAM/
P6 mice model.

Methods BMSCs were isolated from healthy BALB/c and osteoporotic SAM/P6 mice. We analysed the impact of miR-
21-5p on the expression of crucial markers related to cells’ viability, mitochondria reconstruction and autophagy pro-
gression. Further, we established the expression of markers vital for bone homeostasis, as well as defined the compo-
sition of extracellular matrix in osteogenic cultures. The regenerative potential of miR-21 in vivo was also investigated 
using a critical-size cranial defect model by computed microtomography and SEM–EDX imaging.

Results MiR-21 upregulation improved cells’ viability and drove mitochondria dynamics in osteoporotic BMSCs 
evidenced by the intensification of fission processes. Simultaneously, miR-21 enhanced the osteogenic differentiation 
of BMSCs evidenced by increased expression of Runx-2 but downregulated Trap, as well as improved calcification of 
extracellular matrix. Importantly, the analyses using the critical-size cranial defect model indicated on a greater ratio of 
newly formed tissue after miR-21 application, as well as upregulated content of calcium and phosphorus within the 
defect site.

Conclusions Our results demonstrate that miR-21-5p regulates the fission and fusion processes of mitochondria 
and facilitates the stemness restoration of senile osteoporotic BMSCs. At the same time, it enhances the expression of 
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RUNX-2, while reduces TRAP accumulation in the cells with deteriorated phenotype. Therefore, miR-21-5p may bring a 
novel molecular strategy for senile osteoporosis diagnostics and treatment.

Keywords miR-21, Senile osteoporosis, Bone regeneration, Mitochondria dynamic, BMSCs, SAM/P6 mice

Background
Senile osteoporosis (OP) belongs to the progressive skel-
etal system diseases, manifested by disproportionate 
bone loss. Osteoporosis development results from the 
imbalance between bone resorption and bone formation, 
leading to gradual losses of bone mass and deteriorated 
density due to its demineralization [1–3]. As reported 
by World Health Organization (WHO) and Interna-
tional Osteoporosis Foundation (IOF), more than 200 
million women worldwide are affected by this disabil-
ity. Moreover, OP is diagnosed in more than 75 million 
people in Europe, Japan and the USA [4]. It is estimated 
that by 2050 osteoporosis-dependent bone fractures will 
increase to 310% in men and 240% in women when com-
pared to the ’90  s [5]. Furthermore, patients suffering 
from osteoporosis-related fractures are life-threatening, 
since they usually become bedridden and require con-
stant medical health care [6]. This alarming data clearly 
indicate that OP is a progressing epidemy affecting peo-
ple worldwide and require the development of intelligent 
pharmaceutical strategies to reverse this unfavourable 
trend.

Recently, bone marrow-derived mesenchymal stem/
stromal cells (BMSCs) have been proposed to have clini-
cal potential for osteoporosis-related bone fractures 
regeneration due to their unique physiological properties 
[7, 8]. Numerous studies showed that BMSCs compared 
to the other stem cells populations exhibit a higher abil-
ity to stimulate and enhance bone regeneration due to 
their paracrine activity [9, 10]. BMSCs were also identi-
fied as osteogenic stem/progenitor cells, demonstrat-
ing high osteoblast differentiation potential, hence their 
therapeutic potential is mainly associated with bone tis-
sue regeneration [9, 11]. However, MSCs (mesenchymal 
stem cells) are losing their regenerative ability with age, 
and MSCs derived from elderly patients have limited 
regenerative potential [12–14]. Importantly, we have pre-
viously shown that BMSCs obtained from senile acceler-
ated osteoporotic SAM/P6 mice were characterised by 
poor regenerative potential accompanied with stemness 
deterioration, which contributes to osteoporosis pro-
gression and might become a pharmaceutical target to 
prevent OP development [8]. Further, we have indicated 
an upregulated accumulation of reactive oxygen species 
(ROS) and a greater ratio of mitochondria with depolar-
ized membrane potential within osteoporotic BMSCs 
that indicate on deteriorated cytophysiological processes 

[8]. Furthermore, osteoporotic BMSCs presented inflam-
matory features, e.g. upregulation of TRAP expression, 
which undeniably links osteoporosis state with ongo-
ing inflammation [8, 15–17]. Therefore, searching for an 
effective therapeutic solution that would target BMSCs 
rejuvenation and stemness restoration seems to be fully 
justified.

Recently, microRNAs (miRNAs) have been shown to 
play an essential regulatory role in bone cells growth, dif-
ferentiation potential, metabolic activity, regulation of 
multipotency, as well as mitochondrial dynamics [2, 18]. 
MiR-21-5p (miR-21) is differentially expressed in many 
diseases, leading to pathological changes. The miR-21-5p 
level was reported to be reduced in serum and bone tis-
sue of osteoporotic patients, hence may serve as a poten-
tial diagnostic biomarker of OP in liquid biopsies [19]. 
However, it has never been elucidated if the upregula-
tion of miR-21 could affect the stemness restoration by 
the regulation of the mitochondria network in bone tis-
sue milieu of senile osteoporotic patients. Nonetheless, 
our previous studies provide evidence that regulation of 
miR-21 expression may contribute to proper bone home-
ostasis, e.g. by modulating the expression of markers 
that regulate osteoblasts differentiation and drive their 
interplay with osteoclasts [2, 20, 21]. Concluding, we 
hypothesised that miR-21-5p may serve as an important 
factor with the evident capability to recover the deterio-
rated stemness of BMSCs in senile osteoporotic patients, 
e.g. by the regulation of mitochondria network dynamic 
that affects the cells’ capability for bone homeostasis 
maintenance.

In this study, we assess whether the application of miR-
21-5p rescues bone marrow mesenchymal stem/stromal 
cells  (BMSCSAM/P6) from senile phenotype and defective 
osteogenesis. The  BMSCSAM/P6 and  BMSCSAM/P6+miR-21 
were compared to healthy BMSCs isolated from wild-
type BALB/c mice  (BMSCBALB/c). We have analysed for 
the first time the impact of miR-21 on the regulation of 
mitochondrial network dynamic evidenced by differences 
in fusion and fission processes, as well as restoration of 
cells’ stemness, including the potential for osteogenic dif-
ferentiation. Therefore, we also focused on the miR-21-5p 
role in BMSCs metabolism and autophagy. Moreover, we 
have examined the cells’ capability to differentiate into 
bone tissue by assessing the expression of markers asso-
ciated with bone remodelling, both on RNA and protein 
levels. Finally, we have evaluated the miR-21 impact on 



Page 3 of 20Sikora et al. Stem Cell Research & Therapy           (2023) 14:54  

bone regeneration in  vivo, using a critical-size cranial 
defect model (CSD) accompanied by computed microto-
mography (µ-CT) and SEM–EDX analyses. Given the 
obtained results, we speculate that miR-21-5p might 
become a potential therapeutic molecule for treating 
osteoporotic-related fractures by senile BMSCs rejuve-
nation. Our studies provide evidence that miR-21-5p has 
a pro-osteogenic function restoring the differentiation 
potential of progenitor cells with deteriorated metabo-
lism. These results indicate that miR-21-5p is a promis-
ing target which can be modulated in order to regulate 
BMSCs metabolism and mitochondria network dynamic, 
thus, to restore the loss regenerative potential of BMSC 
for treatment of senile osteoporosis.

Methods
Model of senescence‑accelerated mice prone 6
SAM/P6 mice strain (senescence-accelerated mice prone 
6) was used as an animal model of senile osteoporo-
sis. The strain belongs to SAM group of inbred mouse 
strains that are used as animal models of senescence 
acceleration, as well as age-related disorders. The SAM/
P6 strain was obtained by Dr. Takeda during brother-sis-
ter mating of AKR/J mice in Kyoto University. In the age 
of 4  months, SAM/P6 mice presents the full spectrum 
of senile osteoporosis symptoms: low global bone den-
sity, deteriorated osteogenesis of bone marrow, deficits 
in endocortical mineralizing surface, reduction of BMD 
index and BV/TV index, as well as reduced calcium and 
phosphorus level. In addition, SAM/P6 mice are charac-
terised by age-dependent inhibition of osteoblastogen-
esis and osteoclastogenesis but enhanced adipogenesis, 
which results in early disturbances of bone homeostasis 
[22–24].

The procedure of isolation and propagation of bone 
marrow‑delivered mesenchymal stem/stromal cells
Long bones of mice lower limbs (femurs) were isolated 
in order to collect bone marrow-delivered mesenchy-
mal stem/stromal cells (BMSCs). In order to collect the 
bones, the mice had to be sacrificed. Before the sacrifice 
procedure, the animals were given an aesthetic (mixture 
of xylazine—15 mg/kg and ketamine—50 mg/kg) in order 
to minimalize the stress and suffering of animals. 15 min 
after administration of anaesthetics, animals were eutha-
nized by the disruption of the spinal cord. The procedure 
was performed by a person qualified to kill animals. The 
death of each animal was confirmed by a veterinarian. 
The cells were isolated from two mice strains: healthy 
BALB/c mice (n = 15 mice, 4  months old) and senes-
cence-accelerated mice prone 6—SAM/P6 (n = 15 mice, 
4  months old). Collected bones (two bones per mouse) 
were washed two times using Hank’s Balanced Salt 

Solution (HBSS) with 1% addition of P/S (penicillin & 
streptomycin). The bone marrows were isolated by flush-
ing it from medullary canals by the use of insulin syringes 
U-40 (29G X 1/2′′ needle) filled with HBSS and the sam-
ples were pooled together within the strains. After dou-
ble centrifugation (300×g, 4  min), they were counted 
using Muse® Count & Viability Kit (Merck®; cat. no.: 
MCH100102, Poznan, Poland) accordingly to manufac-
turers’ instructions. Then, the isolated cells were inocu-
lated on the 24-well dishes (800 000 cell/well) in 500 µL 
of Ham’s F-12 Nutrient Mixture (F-12) supplemented 
with 15% of foetal bovine serum (FBS) and 1% of P/S. The 
cells were maintained in  CO2 incubator (5%  CO2, 37  °C 
and 95% humidity). The culture media were removed and 
replaced with fresh media after 24  h of propagation in 
order to eliminate non-adherent hematopoietic cell lin-
eage [25–27]. During cells propagation, the media were 
changed every 3–4 days.

Transfection with miR‑21 Mimic
For the purpose of transfection, BMSCs were trypsinized 
at least once and propagated on the 24-well plates until 
reaching approximately 80% of confluency. Then, BMSCs 
isolated from SAM/P6 mice were transfected using 
MISSION® miRNA miR-21 Mimic (HMI0371, Sigma-
Aldrich, Munich, Germany) and Lipofectamine 3000 
Transfection Kit (L3000-008, Invitrogen, Thermo Fisher 
Scientific, Warsaw, Poland). The procedure of transfec-
tion was conducted accordingly to manufacturers pro-
tocol. The Lipofectamine 3000 Reagent and MISSION® 
miR-21 miRNA Mimic were prepared in OptiMEM 
medium (31985-070, Gibco, Life Technologies Corpora-
tion, USA) and mixed as described in producer’s instruc-
tions. The transfection reagent was added to the cultures 
in the dilution 1:10. MiR-21 was used at the final concen-
tration of 50 nM. The procedure of cells’ transfection has 
been carried out for 72 h. BMSCs isolated from SAM/P6 
mice that were not transfected with miR-21-5p, as well 
as BMSCs isolated from healthy BALB/c mice served 
as references during the experiment. After transfection, 
the cells were collected or maintained for osteogenic 
differentiation.

Cytometric evaluation of proteins related to bone 
homeostasis
In order to analyse the presence of proteins related to 
bone homeostasis, cytometric evaluation was performed. 
After the bone marrow isolation, the cells were inocu-
lated on the 24-well plates. After 24  h, the cells were 
washed with HBSS and immediately transfected with 
miR-21 Mimic for 72 h, as described previously. Further, 
the cells were trypsinized, centrifuged (1300 RPM, 5 min, 
4 °C), washed in PBS (Phosphate Buffered Saline) with 2% 
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addition of FBS and centrifuged for the second time (1300 
RPM, 5  min, 4  °C). Finally, the cells were washed with 
PBS without FBS and centrifuged for the third time (1300 
RPM, 5 min, 4 °C). In order to lyse the remained erythro-
cytes, 1 mL of NH4Cl was added to the samples and cen-
trifuged (1300 RPM, 5 min, 4 °C). Then, the samples were 
incubated with NH4Cl for 15 min and centrifuged (1300 
RPM, 5 min, 4 °C). Next, 100 µL of Fix & Perm Medium 
A (GAS001, Life Technologies Corporation, USA) was 
added to the cells and incubated for 15  min. Then, the 
cells were washed with 3 mL of PBS with 5% addition of 
FBS and centrifuged (350×g, 5 min). After that, the cells 
were incubated in the dark for 30 min with Fix & Perm 
Medium B (GAS002, Life Technologies Corporation, 
USA) with the addition of anti-RUNX-2 (M-70) antibody 
produced in rabbit (sc-10758, Santa Cruz Biotechnology) 
in the dilution 1:50. The cells were washed in 3 mL of PBS 
with 5% addition of FBS and centrifuged (350×g, 5 min). 
The secondary antibody—Anti-rabbit Atto-647 produced 
in goat (ab150079, Abcam)—was diluted in the PBS at 
the concentration 1:100 and incubated with the samples 
for 30 min in the dark. The samples were washed in 3 mL 
of PBS without FBS and centrifuged (350×g, 5  min). 
The cells were resuspended in 500 µL of fresh PBS and 
proceeded for cytometric evaluation. The samples were 
analysed using two-laser FACS Lyric Flow Cytometer 
(Becton Dickinson Polska, Sp. z o.o., Warsaw, Poland) 
with FASC Suite software. In each sample, 1000 of cells 
were evaluated. The results were visualised and analysed 
using FCS Express™ Software (version 7.08.0018, De 
Novo Software, Pasadena, CA, USA).

Osteogenesis induced in BMSCs
In order to induce the osteogenic differentiation of 
BMSCs, the cultures were propagated in the osteogenic 
medium prepared as described previously [20, 25]: 
MEM-α medium (Minimum Essential Medium Eagle—
Alpha Modification) was supplemented with ascorbic 
acid (50  µg/mL), β glycerol phosphate disodium salt 
hydrate (10  nM) and 15% addition of FBS. The osteo-
genesis was performed for 10 days, and the media were 
changed twice a week. After differentiation, the cells were 
collected for analysis.

Evaluation of extracellular matrix composition
After osteogenic differentiation, the cells were fixed with 
4% PFA (paraformaldehyde) for 15  min at room tem-
perature. To visualise the calcium deposits, the speci-
mens were stained with Alizarin Red for 20 min at room 
temperature as described previously [20, 28]. Then, the 
specimens were washed three times with distilled water 
and observed under Axio Observer A1 inverted micro-
scope (3832000970, Zeiss, Oberkochen, Germany). The 

photographs were taken by Canon PowerShot digital 
camera (Woodhatch, UK) under 100 × magnification. 
The resolution of obtained images was: 3648 × 2736 
pixels. The differences in staining intensity between the 
specimens were based on the number of colour pixels. 
The number of colour pixels was determined in three 
technical repetitions and using three different thresholds 
in Pixel Counter plugin (ImageJ Software version 1.52n, 
Wayne Rasband, National Institutes of Health, USA).

Immunocytochemical detection of proteins accumulation 
and cells’ ultrastructure
The immunocytochemical staining technique was used 
to visualise the cells’ ultrastructure and protein accu-
mulation, as described previously [8] and accordingly 
to manufacturers’ instructions. Mitochondrial network 
was stained using Mito Red dye (Sigma-Aldrich, Munich, 
Germany) at the concentration of 1:1000 in CGM (com-
plete growth medium) for 30 min at 37 °C. The lysosomes 
were visualised using LysoTracker™ Yellow HCK-123 
(Life Technologies Corporation, USA) at the concen-
tration of 1:10,000 in CGM for 30  min at 37  °C. Before 
subsequent stainings, the cells were fixed with 4% PFA 
for 15  min and washed three times with HBSS. After-
wards, the specimens were permeabilized using 0.2% 
PBS-Tween solution with 10% addition of goat serum for 
1  h and washed 3 times with HBSS. The cells’ integrity 
was assessed by nuclei visualisation using Hoechst 33,342 
(I34202, Invitrogen, Thermo Fisher Scientific, Warsaw, 
Poland) dye that was performed by incubation of speci-
mens at 37 °C for 5 min. The reagent was diluted to the 
concentration 2 µg/mL. Moreover, the actin cytoskeleton 
was stained using phalloidin solution (49409, Sigma-
Aldrich, Munich, Germany) at the concentration 1:800 
for 40 min at 37 °C. Then, cells were incubated overnight 
with primary antibodies at 4 °C. The antibodies used for 
staining were diluted in HBSS: anti-RUNX-2 antibody 
(F-2) produced in mice (sc-390351, Santa Cruz Biotech-
nology, Dallas, Texas, USA) at the concentration 1:50 
and anti-TRAP antibody (D-3) mouse monoclonal IgG1 
(sc-376875, Santa Cruz Biotechnology, Dallas, Texas, 
USA) at the concentration 1:50. RUNX-2 and TRAP are 
initial markers of bone homeostasis and participate in 
bone turnover processes. Additionally, the specimens 
were stained with anti-LAMP2 antibody (H4B4) pro-
duced in mouse (ab25631, Abcam, Cambridge, UK) at 
the concentration 1:100 that serves as a marker of selec-
tive autophagy; anti-Ki67 antibody produced in rabbit 
(ab15580, Abcam, Cambridge, UK) at the concentration 
1:1000 that is cells’ proliferation marker; anti mTOR 
antibody (nb100-240) produced in rabbit (Novus Bio-
logicals, Bio-Techne) at the concentration 1:100; and 
anti-MFN-1 antibody produced in rabbit (orb11040, 
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Biorbyt) at the concentration 1:250 which is a media-
tor of mitochondria fusion. For the purpose of BMSCs 
immunophenotyping, the following antibodies were 
used: anti-CD44 produced in rabbit (hpa005785, Sigma-
Aldrich, Munich, Germany) at the concentration 1:1000; 
anti-CD45 produced in mouse (sc-53047, Santa Cruz 
Biotechnology, Dallas, Texas, USA) at the concentration 
1:100; anti-CD73 produced in mouse (ab54217, Abcam, 
Cambridge, UK) at the concentration 0.1  µg/100µL; 
anti-CD90 produced in rabbit (ab92574, Abcam, Cam-
bridge, UK) at the concentration 1:100 and anti-CD105 
produced in rabbit (ab107595, Abcam, Cambridge, UK) 
at the concentration 1:100. Subsequently, the specimens 
were washed three times with HBSS and incubated with 
secondary antibodies: IgG—Atto 594 antibody produced 
in goat (anti-mouse or anti-rabbit) at the concentration 
1:100 (Sigma-Aldrich, Munich, Germany) for 1 h at room 
temperature. The specimens were washed three times 
with HBSS and stained with DAPI (4’,6-diamino-2-phe-
nolindole) using a mounting medium (FluoroshieldTM 
with DAPI, Sigma-Aldrich, Munich, Germany). The 
cells were observed using a confocal microscope and 
Las X software (11889113, Leica DMi8, Leica Microsys-
tems, KAWA.SKA Sp. z o.o., Zalesie Górne, Poland). The 
images were captured under 630 × and 1000 × magnifica-
tion. The microscopic images were obtained by applying 
maximum intensity projection using Fiji is just ImageJ 
Software (version 1.52n, Wayne Rasband, National Insti-
tutes of Health, USA). The obtained images resolution 
was 768 × 256 pixels. The differences in staining inten-
sity between the specimens were evaluated based on the 
number of colour pixels from images captured in three 
technical repetitions and using three different thresholds 
(thresholds: 49, 50, 51) in Pixel Counter plugin (ImageJ 
Software). Additionally, the MicroP Software was used to 
analyse the mitochondria morphology [29].

Evaluation of miRNA and mRNA expression in BMSCs 
cultures
The miRNA and mRNA transcripts levels were ana-
lysed using RT-qPCR (reverse transcription quantita-
tive polymerase chain reaction) technique as described 
previously in detail [8, 28]. The cells were homogenised 
using 1  mL of Extrazol® (Blirt DNA, Gdańsk, Poland). 
Then, RNA was isolated using the phenol–chloroform 
method. The isolated RNA was diluted in molecular 
grade water (Sigma-Aldrich, Poznan, Poland) and evalu-
ated spectrophotometrically (Epoch, Biotek, Bad Frie-
drichshall, Germany). Digestion of gDNA was performed 
using PrecisionDNAse Kit (Primerdesign, BLIRT S.A., 
Gdańsk, Poland). cDNA was synthesised using Tetro 
cDNA Synthesis Kit (Bioline Reagents Limited, London, 
UK) in T100 Thermal Cycler (Bio-Rad, Hercules, CA, 

USA). For non-coding RNAs analysis, Mir-X™ miRNA 
First-Strand Synthesis Kit (Takara Clontech Laborato-
ries, Biokom, Poznań, Poland) was used. The procedures 
were conducted accordingly to manufacturers’ instruc-
tions. The cDNA was synthesised from 150 ng of RNA. 
The qPCR reactions were performed using SensiFAST 
SYBR®&Fluorescein Kit (Bioline Reagents Ltd., London, 
UK) and CFX Connected Real-Time PCR Detection Sys-
tem (Bio-Rad, Hercules, CA, USA). The reactions were 
performed at least in triplicate. The reaction condi-
tions: initial denaturation (95  °C, 2  min) and 45 cycles 
consisting of denaturation (95  °C, 5  s), annealing (10  s) 
and elongation (72  °C, 5  s). The melting curve was per-
formed using a gradient protocol (65 to 95  °C, heating 
rate 0.2  °C/s). RQMAX algorithm was used to calculate 
the values of transcripts expression. Expression values 
of Gapdh (glyceraldehyde 3-phosphatehydrogenase) and 
B2m (beta-2-microglobulin) genes were used for the pur-
pose of normalisation; however, miRNA expression val-
ues were normalised to snU6 gene. The normalisation 
was performed using the formula: ΔCt = Ct (gene of inter-
est) − Ct (housekeeping gene). Among obtained ΔCt val-
ues, a maximum value was emerged (MAX value), which 
was used for standardisation of obtained results. The 
standardisation and calculation of gene expression was 
performed using the formula RQMAX = 2(MAX value − ΔCt). 
The characterisation of used primers is presented in 
Table 1. The accession numbers presented in Table 1 refer 
to specific nucleotides and can be found in the official 
database of National Center for Biotechnology Informa-
tion (https:// www. ncbi. nlm. nih. gov/).

The effectiveness of new bone formation in vivo
The in  vivo study was conducted with the full approval 
of the Local Ethics Committee for Animal Experiments 
in Wroclaw (Resolution no.069/2020/P1, 9.12.2020). The 
guidelines included in the Act on the Protection of Ani-
mals Used for Scientific or Educational Purposes from 15 
of January 2015, which implements Directive 2010/63/
EU of the European Parliament and the Council of 22 
September 2010, were fully followed during the study. 
Moreover, the procedures of PN-EN ISO 10993–2:2006 
standards were used. Senescence accelerated osteoporo-
tic SAM/P6 mice were purchased from Envigo (Indian-
apolis, IN, USA). One-week period of acclimatisation was 
preceded before the experiment. The mice were housed 
under a 12 h light/dark cycle with constant temperature 
(22 ± 2 °C) and humidity (50 ± 10%), as well as fed with a 
standard chow diet and ad libitum access to water.

A bilateral cranial defect was performed to assess the 
osteoinductive properties of miR-21. The procedure of 
cranial defect model conduction was described previ-
ously and performed in two (n = 2) SAM/P6 mice [30]. 

https://www.ncbi.nlm.nih.gov/
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Table 1 The characteristic of primers used in RT-qPCR

Gene Primer Sequence 5′‑3′ Annealing [°C] Accession No

Ppar-γ F:CTC TGC TGG GGA TCT GAA GG 58.8 NM_001308354.1

R:GGA ATG CGA GTG GTC TTC CA

mTOR F:CTT GGA GAA CCA GCC CAT AA 60.0 NM_020009.2

R:CTG GTT TCA CCA AAC CGT CT

Lamp2 F:CTT AGC TTC TGG GAT GCC CC 60.0 NM_001017959.2

R:TCA TCC AGC GAA CAC TCC TG

Mfn-1 F:ATC ACT GCA ATC TTC GGC CA 60.0 NM_024200.4

R:AGC AGT TGG TTG TGT GAC CA

Mff F:TCA CAT TTG GTG AGT GGG GC 60.0 NM_001372412.1

R:TTT TCC GGG ACC CTC ATT CG

Bcl-2 F:ATC GCC CTG TGG ATG ACT GAG 58.8 NM_000633.2

R:CAG CCA GGA GAA ATC AAA CAG AGG 

Bax F:ACC AAG AAG CTG AGC GAG TGTC 58.8 NM_001291428.1

R:ACA AAG ATG GTC ACG GTC TGCC 

Mmp-9 F:GAT GCC AAC CTC CTC AAC GA 60.0 NM_053056.2

R:GGA AGC GGT CCA GGT AGT TC

Runx-2 F:TCC GAA ATG CCT CTG CTG TT 58.8 NM_001271630.1

R:GCC ACT TGG GGA GGA TTT GT

Coll-1 F:CAG GGT ATT GCT GGA CAA CGTG 61.4 NM_007742.4

R:GGA CCT TGT TTG CCA GGT TCA 

Opn F:AGA CCA TGC AGA GAG CGA G 57.3 NM_001204203.1

R:GCC CTT TCC GTT GTT GTC CT

Ocl F:GGT GCA GAC CTA GCA GAC ACCA 57.0 NM_001032298.3

R:CGC TGG GCT TGG CAT CTG TAA 

Opg F:AGC CAC GCA AAA GTG TGG AA 58.8 NM_008764.3

R:TCC TCT CTA CAC TCT CGG CA

Alpl F:TTC ATA AGC AGG CGG GGG AG 60.0 NM_007431.3

R:TGA GAT TCG TCC CTC GCT GG

Bmp-2 F:CTA CAG GGA GAA CAC CCG GA 60.0 NM_007553.3

R:GGG GAA GCA GCA ACA CTA GAA 

Trap F:GTC TCT GGG GGA CAA TTT CTACT 60.0 XM_006509945.3

R:GTT TGT ACG TGG AAT TTT GAAGC 

Ctsk F:TAA CAG CAA GGT GGA TGA AATCT 60.0 NM_011613.3

R:CTG TAG GAT CGA GAG GGA GGTAT 

Nfatc-1 F:TTC GAG TTC GAT CAG AGC GG 60.0 NM_001164112.1

R:AGG TGA CAC TAG GGG ACA CA

Pu.1 F:GAG AAG CTG ATG GCT TGG AG 60.0 NM_001378899.1

R:TTG TGC TTG GAC GAG AAC TG

Gapdh F:GTC AGT GGT GGA CCT GAC CT 58.8 NM_001289746.1

R:CAC CAC CCT GTT GCT GTA GC

B2m F:CAT ACG CCT GCA GAG TTA AGCA 58.8 NM_009735.3

R:GAT CAC ATG TCT CGA TCC CAG TAG 

miR-7a-5p TGG AAG ACT AGT GAT TTT GTTGT 58.8 MIMAT0000677

miR-17-5p CAA AGT GCT TAC AGT GCA GGTAG 58.8 MIMAT0000649

miR-21a-5p TAG CTT ATC AGA CTG ATG TTGA 58.8 MIMAT0000530

miR-124-3p TAA GGC ACG CGG TGA ATG CC 58.8 MIMAT0000134

miR-145-5p GTC CAG TTT TCC CAG GAA TCCCT 58.8 MIMAT0000437

miR-203a-3p GTG AAA TGT TTA GGA CCA CTAG 58.8 MI0000283

miR-223-3p TGT CAG TTT GTC AAA TAC CCCA 58.8 MIMAT0000280



Page 7 of 20Sikora et al. Stem Cell Research & Therapy           (2023) 14:54  

The procedures were performed under the supervision 
of a veterinarian. The animals were subjected to gen-
eral anaesthesia with the mixture of xylazine (25  mg/
kg) and ketamine (70 mg/kg) and placed in a prone posi-
tion. The type of anaesthesia was recommended due to 
the severe nature of the procedure and to minimise the 
suffering of the animals. The operating site was disin-
fected with a chlorhexidine solution. Then, the scalp and 
the periosteum on both sides of the parietal bone were 
incised. The periosteum was removed to expose the skull 
bone. The circular cranial defect (2 mm in diameter) was 
drilled using a cylindrical low-speed carbide bur with 
1 mm of diameter. In order to deliver undegraded miR-
21 to the defect site, a fully biocompatible and biodegrad-
able biomaterial based on sodium alginate was prepared. 
Briefly, 2% solution of sodium alginate was prepared in 
NaCl and filtrated using 0.45 and 0.22 µm syringe filters. 
Simultaneously, 0,5  M solution of  CaCl2 was prepared. 
MISSION® miRNA miR-21 Mimic (HMI0371, Sigma-
Aldrich, Munich, Germany) was added to the sodium alg-
inate solution at the concentration 50 nM and mixed for 
10  s using the vortex. Shortly before the procedure, the 
sodium alginate and  CaCl2 solution were mixed in a ratio 
1:1 in order to synthesise a hydrogel. The alginate-based 
biomaterials with 50 nM of miR-21 were allocated in the 
right defect sites during the procedure. Left defect sites 
serve as controls, where hydrogels without miR-21 were 
administered. The procedure was performed in the pres-
ence of a heat lamp and the cuts were closed with 6–0 
synthetic seams. Every 12 h, for three days after surgery, 
animals received painkillers i.e. buprenorphine (0.03 mg/
kg) and meloxicam (1  mg/kg). Further, mice were sac-
rificed two weeks after the cranial defect procedure to 
analyse the formation of novel bone tissue. Before the 
sacrifice procedure, the animals were given an aesthetic 
(mixture of xylazine—15  mg/kg and ketamine—50  mg/
kg) in order to minimalize the stress and suffering of 
animals. 15  min after administration of anaesthetics, 
animals were euthanized by the disruption of the spinal 
cord. The procedure was performed by a person qualified 
to kill animals. The death of each animal was confirmed 
by a veterinarian.

Mice skulls were dissected for the µ-CT and SEM–
EDX analyses. The computed microtomography 
measurements were performed in the X-ray Microto-
mography Laboratory at the Faculty of Computer Science 
and Materials Science, University of Silesia in Kato-
wice (Chorzów, Poland) using the GE Phoenix v|tome|x 
microtomography system (General Electric, Cincinnati, 
OH, USA) at voltage 140 kV and current intensity 40 μA. 
The voxel size was 5.5 μm3. Detector sensitivity × 2 and 
binning × 1. Tomographic reconstructions were based on 
projection of 1800 images equally spaced through 360º 

(exposure time 500 ms). The µ-CT scans were exported 
as VGL files and analysed using myVGL software (ver-
sion 3.3.2.170119, Volume Graphic GmbH) in order to 
assess the structural properties of newly formed tissue. 
The initial resolution of obtained images was: 652 × 456 
pixels. For evaluating new tissue contribution, Fiji is 
just ImageJ Software was used. Moreover, the skulls 
were analysed using scanning electron microscopy with 
energy-dispersive X-ray analysis (SEM–EDX; SEM Evo 
LS 15 Zeiss, Germany) operating at 10 000 V and work 
distance 11 mm. The photographs of the defect sites were 
taken under 35 × magnification. The images resolution 
was: 1024 × 768 pixels. The mapping of calcium, phos-
phorus and hydroxyapatite composition was performed 
using Bruker Quantax 200 System with BrukerXFlash 
5010 detector and Esprit 1.8 Software. Each analysis was 
performed under 35 × magnification for 120 s operating 
at 20 000 V and a working distance set at 8.5 mm. Fur-
thermore, the expression of crucial markers related to 
proper bone regeneration was examined using RT-qPCR 
technique as described in the previous paragraph.

Statistical analyses
Each analysis was performed in three technical rep-
etitions. The material for the ex  vivo experiments was 
delivered from 15 BALB/c and 15 SAM/P6 mice. The 
statistical analyses were performed using GraphPad 
Prism 5 (GraphPad Software, San Diego, CA, USA). The 
data were obtained using one-way analysis of variance 
(ANOVA) with Tukey’s post hoc test. Differences were 
considered as statistically significant at p < 0.05. The sig-
nificance levels were indicated with asterisks: *p < 0.05, 
**p < 0.01, ***p < 0.001. Non-significant differences were 
marked as ns.

Results
MiR‑21 improves viability and proliferative activity 
in senile osteoporotic BMSCs
We confirmed the presence of BMSC population based 
on the expression of cell surface antigens typical for mes-
enchymal stem cells. Obtained cultures were character-
ised by accumulation of CD44, CD73, CD90 and CD105, 
while there was no presence of CD45 marker (Fig.  1A). 
Importantly, the accumulation of presented antigens was 
reduced in BMSCs delivered from osteoporotic SAM/P6 
mice (Fig. 1B). The loss of the expression of cell surface 
markers may be correlated with senescent-like pheno-
type of  BMSCSAM/P6. Further, the miR-21-5p level was 
assessed in bone tissue collected from BALB/c and SAM/
P6 mice, as well as in BMSCs. We noticed a higher tran-
script level of miR-21 in SAM/P6 mice when compared 
to BALB/c in both bone tissue and cells samples (Fig. 1C, 
D). It is known that non-coding RNAs are one of many 
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factors that affect the cells status, thus does not direct 
their biology independently. Although miR-21-5p expres-
sion was noticed to be upregulated in BMSCs and bones 
delivered from SAM/P6 mice, the activity of other crucial 
markers (senile phenotype, high activity of osteoclasts) 
affects the bone homeostasis that finally leads the mice 
into osteoporotic state. In addition, we confirmed the 
transfection efficiency that was observed by upregula-
tion of miR-21-5p expression in the treated  BMSCSAM/

P6+miR-21 comparing to non-transfected  BMSCSAM/P6 
(Fig.  1D). Senile osteoporotic  BMSCSAM/P6 were char-
acterised by decreased DNA level (Hoechst positive 
cells) that was additionally manifested by deteriorated 
proliferative potential (Ki67 positive cells) when com-
pared to healthy  BMSCBALB/c. However, it was noted that 
miR-21 increased the DNA level, thus improving prolif-
erative potential of  BMSCSAM/P6+miR-21 (Fig. 1E–G). Fur-
thermore, miR-21 improved the viability of  BMSCSAM/

P6+miR-21 evidenced by downregulation of Bax/Bcl-2 
ratio (Bcl-2 associated X protein / B-cell lymphoma 2) 
(Fig.  1H–J). Bax and Bcl-2 are both key players during 
intrinsic apoptotic pathway triggered by mitochondrial 
dysfunction. It was shown that Bax initialise cell death, 
while Bcl-2 prevents apoptosis by inhibiting the activity 
of Bax.

MiR‑21 reduces autophagy and regulates mitochondria 
dynamics in senile osteoporotic BMSCs
Obtained results demonstrated that upregulated 
expression of miR-21 in senile osteoporotic  BMSCSAM/

P6 impedes autophagy in bone marrow-derived mes-
enchymal stem/stromal cells. It has been evidenced by 
the decreased intensity of lysosomes and LAMP2 (lyso-
some-associated membrane protein 2) protein staining 
but greater intensity of mTOR (mammalian target of 
rapamycin kinase) staining in  BMSCSAM/P6+miR-21, when 
compared to  BMSCSAM/P6 (Fig.  2A–D). Further, it has 
been noticed that  BMSCSAM/P6 were characterised by 
upregulated expression of PPAR-γ (peroxisome prolif-
erator-activated receptor gamma) and Lamp2 (Fig. 2E, 
G), which serve as markers of selective autophagy. 
Notably, the expression of PPAR-γ was significantly 
downregulated in  BMSCSAM/P6+miR-21 compared to 
 BMSCSAM/P6 (Fig. 2E). Moreover, the expression level of 

mTOR in osteoporotic BMSC was elevated after miR-21 
upregulation (Fig.  2F). It is known that the activation 
of mTOR pathway inhibits the pathological induction 
of autophagy. No significant changes were observed in 
Lamp2 expression (Fig. 2G).

The presence of miR-21 within BMSCs cultures sig-
nificantly regulated the dynamic of the mitochondrial 
network, which was evidenced by the modulation of 
fusion and fission processes. In senile osteoporotic 
 BMSCSAM/P6, the mitochondria were characterised by 
their tubular-shape morphology observed in the senes-
cent cells. However, after miR-21 upregulation, the mito-
chondria underwent fission processes evidenced by the 
decreased percentage of tubular-shape mitochondria in 
favour of globular-shape mitochondria (Fig. 2H, I). This 
crucial finding indicates the ongoing selective macro-
autophagy (mitophagy), which is responsible for degra-
dation of defective mitochondria and maintain cellular 
homeostasis. Moreover, mitochondrial network activity 
reflected by a signal from MitoRed staining revealed that 
osteoporotic  BMSCSAM/P6 show signs of depolarization. 
However, miR-21 upregulation improved mitochondrial 
activity, which was correlated with an enhanced MitoRed 
signal. Simultaneously reduced signal intensity of stained 
MFN-1 protein (mitofusin-1), as well as downregulated 
Mfn-1 and Mff (mitochondria fission factor) expression, 
were characteristic for  BMSCSAM/P6+miR-21, compared to 
 BMSCSAM/P6 (Fig. 2H, J, K, L, M).

The complementary results regarding the modifications 
of mitochondria phenotype as a result of miR-21 upregu-
lation were presented in Additional file  1: Figure S1. 
The prevalence of elongated and tubular-shaped mito-
chondria corresponded to their low number noted in 
 BMSCSAM/P6. The upregulation of miR-21 increased the 
number of mitochondria that stayed in line with the 
modification of mitochondria phenotype (Additional 
file  1: Figure S1A). The detailed analysis of fission and 
fusion processes has shown that  BMSCSAM/P6 were char-
acterised by an increased occurrence of mitochondria 
classified as simple tubes simultaneously accompanied 
by a lowered ratio of branching tubes and small globules 
when compared to  BMSCBALB/c. The addition of miR-21 
drove the mitochondria reconstruction, evidenced by a 
decreased percentage of simple tubes, while upregulated 

(See figure on next page.)
Fig. 1 MiR-21 improves viability and proliferative activity in BMSCs isolated from senile osteoporotic SAM/P6 mice. A The representative 
photographs (z-stack) of cells surface markers (CD44, CD45, CD73, CD90 and CD105) in BMSCs isolated from BALB/c and SAM/P6 mice. The staining 
intensity of visualised antigens was presented as bar graph (B). The level of miR-21-5p was analysed in bone tissue samples delivered from BALB/c 
and SAM/P6 mice (C), as well as in cell cultures after transfection with miR-21 mimic (D). E The representative photographs (z-stacks) of cells stained 
with Hoechst 33342 and Ki67 protein in BMSCs isolated from BALB/c and SAM/P6 mice. The staining intensity of visualised F nuclei and G Ki67 
protein were presented as bar graphs. The RT-qPCR technique was used to present the gene expression of H Bax, I Bcl-2 and J Bax/Bcl-2 ratio. The 
RT-qPCR measurements were performed using RQMAX method and presented in a log scale. The confocal microscope photographs were taken 
under 630-fold & 1000-fold magnification and the scale bars are equal to 40 µm and 10 µm, respectively. Significant differences between groups are 
indicated with asterisk: *p < 0.05, **p < 0.01, *** and p < 0.001. Non-significant differences are marked as ns 
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Fig. 1 (See legend on previous page.)
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branching tubes and small globules (Additional file  1: 
Figure S1B–D).

MiR‑21 improves osteogenic differentiation in senile 
osteoporotic BMSCs
The extracellular matrix (ECM) composition after 
BMSCs osteogenic differentiation indicated lowered 
osteogenic potential of senile  BMSCSAM/P6 compared 
to healthy  BMSCBALB/c. However, improved quantity 
and quality of calcium deposits in  BMSCSAM/P6+miR-21 
cultures showed pro-osteogenic properties of miR-21 
(Fig. 3A, C). At the same time, the actin cytoskeleton was 
poorly developed in  BMSCSAM/P6 cultures which led to 
impaired cell–cell contact, lowered cells’ confluency and 
finally deteriorated differentiation. Moreover, the sig-
nal intensity of stained RUNX-2 (runt-related transcrip-
tion factor 2) protein was poorer in  BMSCSAM/P6, when 
compared to  BMSCBALB/c. The upregulation of miR-21 
improved the development of the actin cytoskeleton in 
osteoporotic BMSCs and caused an increased protein 
expression of RUNX-2 during osteogenic differentiation 
(Fig. 3B, D). Importantly, miR-21 affected the expression 
of crucial osteogenic markers during BMSCs differen-
tiation. Osteoporotic  BMSCSAM/P6 were characterised 
by lower expression of Runx-2 and Coll-1 (collagen type 
1), but elevated transcripts level of Alpl (alkaline phos-
phatase) and Bmp-2 (bone morphogenetic protein 2), 
which serve as early osteogenic markers. The upregu-
lation of miR-21 increased the expression of Runx-2, 
Coll-1 and Bmp-2 in  BMSCSAM/P6+miR-21, but downregu-
lated the transcript level of Alpl (Fig. 3E, F, G, H). Addi-
tionally,  BMSCSAM/P6 expressed less transcripts of late 
osteogenic markers, such as Opn (osteopontin) and Opg 
(osteoprotegerin), when compared to  BMSCBALB/c. Inter-
estingly,  BMSCSAM/P6 were also characterised by higher 
expression of Ocl (osteocalcin). Upregulation of miR-21 
promoted osteogenesis in  BMSCSAM/P6 which was mani-
fested by increased expression of Opn, Opg and Ocl tran-
scripts (Fig.  3I–K). Moreover, cytometric evaluation of 
isolated bone marrow cells revealed that miR-21 upregu-
lates the expression of RUNX-2 protein in  BMSCSAM/P6 
(Fig. 3L, M).

MiR‑21 inhibits osteoclastogenesis in senile osteoporotic 
BMSCs
It has been shown that miR-21 inhibits the maturation 
of osteoclasts and impede the expression of osteoclastic 
markers. After miR-21 upregulation, the signal of TRAP-
positive cells during microscopic analyses in osteoporotic 
BMSCs was significantly reduced (Fig. 4A, B). Moreover, 
after miR-21 upregulation, the expression of Trap, Ctsk 
(cathepsin K) and Nfatc-1 (nuclear factor of activated 
T-cells, cytoplasmic 1) in osteoporotic BMSCs was signif-
icantly decreased (Fig. 4C, D, F). Simultaneously, the level 
of Pu.1 (transcription factor PU.1) in  BMSCSAM/P6+miR-21 
was downregulated (Fig.  4G), but Mmp-9 (matrix met-
alloproteinase 9) level was upregulated (Fig.  4E), when 
compared to  BMSCSAM/P6.

MiR‑21 affects the expression of non‑protein‑coding RNAs 
in BMSCs isolated from senile osteoporotic SAM/P6 mice
It has been noticed that miR-21 promotes the osteo-
genic potential of senile osteoporotic BMSCs, thus we 
decided to evaluate if miR-21 affects the miRNAs essen-
tial for bone homeostasis. After miR-21 upregulation, 
the level of miR-7a-5p, miR-145-3p and miR-223-3p was 
significantly elevated (Fig.  5A, D, F). At the same time, 
the level of miR-17-5p went down (Fig. 5B). The level of 
miR-124-3p and miR-203a did not change significantly 
(Fig. 5C, E).

MiR‑21 improves bone regeneration in senile osteoporotic 
SAM/P6 mice
The in  vivo study performed using senile osteoporo-
tic SAM/P6 mice strain confirmed the pro-osteogenic 
properties of miR-21. The fully biocompatible complexes 
consisted of 5% sodium alginate functionalized with miR-
21 were placed in the centre of parietal bones (Fig.  6A, 
B). Two weeks after the operation, SEM–EDX analyses 
revealed elevated concentrations of phosphorus (P) and 
calcium (Ca) within defect sites after miR-21 application 
(Fig.  6D, F, G). Importantly, X-ray computed microto-
mography (µ-CT) analyses indicated the higher contribu-
tion of newly created bone tissue in SAM/P6 mice after 
miR-21 treatment. (Fig.  6C, E). In addition, the tran-
script levels of miR-21-5p, miR-124-3p and Runx-2 were 

Fig. 2 MiR-21 reduces autophagy and regulates mitochondria dynamics in BMSCs isolated from senile osteoporotic SAM/P6 mice. A The 
representative photographs (z-stacks) of cells’ nuclei stained with lysosomes, LAMP2 and mTOR protein in BMSCs isolated from BALB/c and SAM/
P6 mice. The staining intensity of visualised B lysosomes, C LAMP2 protein and D mTOR protein were presented as bar graphs. The RT-qPCR 
technique was used to present the gene expression of E Ppar-γ, F mTOR and G Lamp2. H The representative photographs (z-stacks) of nuclei 
with stained MFN-1 protein and mitochondrial network in BMSCs isolated from BALB/c and SAM/P6 mice. The images were supplemented with 
MicroP visualisation of mitochondria morphology and presented as a bar graph (I). The staining intensity of visualised J MFN-1 protein and K 
mitochondria network were presented as bar graphs. The RT-qPCR technique was used to present the gene expression of L Mfn-1 and M Mff. The 
RT-qPCR measurements were performed using RQMAX method and presented in a log scale. The confocal microscope photographs were taken 
under 630-fold and 1000-fold magnification and the scale bar is equal to 40 µm. Significant differences between groups are indicated with asterisk: 
*p < 0.05, **p < 0.01, ***p < 0.001. Non-significant differences are marked as ns 

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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upregulated, while Trap was downregulated in the defect 
site. Obtained results were comparable to analyses using 
BMSCs model and indicated enhanced bone regenera-
tion after miR-21 application (Fig. 6H–K).

Discussion
Osteoporosis is reaching epidemic levels among the 
elderly worldwide, leading to serious health complica-
tions, including bone fractures [31]. Numerous molecu-
lar pathways have been identified to play a critical role 
in regulating osteoporosis, including those regulated 
by miRNAs [32, 33]. In this study, for the first time, we 
have investigated the rejuvenating role of miR-21-5p in 
the course of senile osteoporosis. We have determined 
the influence of miR-21 upregulation on mitochondria 
network dynamics as well as impaired osteogenic differ-
entiation of BMSCs isolated from osteoporotic SAM/P6 
senile mice. Previously, miR-21-5p was widely considered 
a potential diagnostic and therapeutic tool that may find 
application during skeletal system disabilities, including 
osteoporosis-related fractures [20, 28, 34, 35]. Here, we 
have discovered that miR-21-5p drives the mitochondria 
dynamic, reversing the senile phenotype and improving 
the osteogenic differentiation potential of osteoporo-
tic mice derived  BMSCSAM/P6, as well as promote bone 
regeneration in tissue milieu in a bilateral cranial defect 
in SAMP/P6 mice.

Our previous study showed that  BMSCSAM/P6 are 
characterised by impaired multilineage differentiation 
potential, increased senescence, lowered stemness, as 
well as decreased proliferative activity, confirming the 
diseased phenotype of BMSCs isolated from osteoporo-
tic patients [25, 36]. Additionally, the senescent BMSCs 
are characterised by depolarization of mitochondrial 
membrane that affects disturbed metabolic activity and 
clearly indicates an impaired ability of SAM/P6 derived 
BMSCs to produce a properly mineralized extracellular 
matrix. For that reason, there is a huge need to investi-
gate the molecular mechanisms that must be improved 
in order to restore BMSCs proper functions. Here, we 
have shown that miR-21-5p upregulated viability and 
proliferative potential of senile osteoporotic BMSCs. It 
was evidenced by decreased Bax/Bcl-2 ratio, as well as a 

greater accumulation of Ki67 protein, which serves as a 
marker of actively dividing cells [37]. Moreover, the con-
focal analysis of the accumulation of cell surface markers, 
such as CD44, CD73, CD90 and CD105, confirmed the 
senile-like phenotype and loss of “stemness” in BMSCs 
delivered from SAM/P6 mice [38–42].

Further, we confirmed that miR-21-5p significantly 
regulates the dynamics of the mitochondria net-
work, evidenced by the intensification of their fis-
sion processes. The ratio of elongated tubular-shape 
mitochondria decreased in favour of globular-shape 
mitochondria in  BMSCSAM/P6+miR-21, compared to 
osteoporotic  BMSCSAM/P6. More specifically, the per-
centage of distinguished mitochondria subtypes i.e. 
simple tubes, branching tubes and small globules 
in  BMSCSAM/P6+miR-21 became identical to healthy 
 BMSCBALB/c. The reconstruction of mitochondria 
morphology was also noted in the general mitochon-
dria quantity in examined BMSCs. Interestingly, the 
expression of both Mfn-1 (mitofusin-1) and Mff (mito-
chondrial fission factor), the master regulators of mito-
chondria’s fission and fusion, became downregulated. 
Mfn-1 and Mfn-2 mediate the fusion of outer mito-
chondria membrane, while the optic atrophy protein 
1 (OPA1) mediates the fusion of inner membrane. 
Although the mitochondria fission is mediated by DRP1 
(dynamin-related GTPase), it is recruited through four 
transmembrane receptors: MFF, FIS1 (mitochondrial 
fission 1 protein), MiD49 and MiD50 (mitochondrial 
kinetic protein 49 and 50). Essentially, the mitochon-
dria division contributes to ensure their proper quality 
that allows to maintain the cells in a healthy state [43]. 
It has been proven that the presence of fragmented 
(globular) mitochondria is characteristic for vital and 
pluripotent cells with high self-renewal potential [44]. 
Moreover, miR-21-5p impedes autophagy processes 
in  BMSCSAM/P6, evidenced by decreased accumulation 
of lysosomes and LAMP2 protein. The high activity of 
lysosomes, accompanied with LAMP2 accumulation, 
is widely associated with the progression of selected 
autophagy [45, 46]. In addition, the level of Ppar-γ 
was downregulated, while expression of mTOR raised, 
which confirms the potential of miR-21 in autophagy 

(See figure on next page.)
Fig. 3 MiR-21 improves osteogenic differentiation of BMSCs isolated from senile osteoporotic SAM/P6 mice. A The representative images of BMSCs 
isolated from BALB/c and SAM/P6 mice cultured under osteogenic conditions. The images were taken using an inverted light microscope under 
100-fold magnification and the scale bar is equal 200 µm. The staining signals of visualised calcium deposits were presented as a bar graph (C). B 
The representative images (z-stacks) of cells’ nuclei, actin cytoskeleton and RUNX-2 protein in BMSCs isolated from BALB/c and SAM/P6 mice. The 
confocal microscope photographs were taken under 630-fold magnification and the scale bar is equal to 40 µm. The staining intensity of RUNX-2 
protein was presented as a bar graph (D). The RT-qPCR technique was used to present the gene expression of E Runx-2, F Coll-1, G Alpl, H Bmp-2, 
I Opn, J Opg and K Ocl. The RT-qPCR measurements were performed using RQMAX method and presented in a log scale. L The gating procedure 
of BMSCs isolated from BALB/c and SAM/P6 mice. M The histograms presenting the positively stained population of cells (red line) for RUNX-2 
protein. Each measurement was performed for 1000 events. Significant differences between groups are indicated with asterisk: *p < 0.05, **p < 0.01, 
***p < 0.001. Non-significant differences are marked as ns 
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Fig. 3 (See legend on previous page.)
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regulation [45]. Previously, it was proven that the acti-
vation of mTOR pathway inhibits autophagy induction 
and prevents pathological expression of lysosomal and 
autophagy genes [47, 48]. Moreover, the PI3K/Akt/
mTOR pathway plays a crucial role in regulating the 
cell cycle. Its overregulation by miR-21 may release the 
BMSCs from cell cycle arrest while promotes the cells 
proliferation.

We have found significantly enhanced expression of 
Runx-2, Coll-1, Bmp-2, Opg and Ocl in differentiated 
 BMSCSAM/P6 with upregulated miR-21. It seems that 
miR-21-5p activates both early and late osteogenic-
related markers. RUNX-2 has been previously shown to 
be a master regulator of osteoblast differentiation, matrix 
production and mineralization, making it a critical early 
osteogenesis marker [49]. Moreover, RUNX-2 regulates 

Fig. 4 MiR-21 inhibits osteoclastogenesis in BMSCs isolated from senile osteoporotic SAM/P6 mice. A The representative images (z-stacks) of 
cells’ nuclei, actin cytoskeleton and TRAP protein in BMSCs isolated from BALB/c and SAM/P6 mice. The confocal microscope photographs were 
taken under 630-fold magnification and the scale bar is equal to 40 µm. The staining intensity of TRAP protein was presented as a bar graph (B). 
The RT-qPCR technique was used to present the gene expression of C Trap, D Ctsk, E Mmp-9, F Nfatc-1 and G Pu.1. The RT-qPCR measurements 
were performed using RQMAX method and presented in a log scale. Significant differences between groups are indicated with asterisk: *p < 0.05, 
**p < 0.01, ***p < 0.001. Non-significant differences are marked as ns 
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other major osteoblasts specific downstream transcripts, 
including COLL-1, OPN and OCL. Obtained data 
strongly correlates with enhanced extracellular matrix 
formation accompanied with calcium deposits accu-
mulation in  BMSCSAM/P6+miR-21. The presented results 
stay in line with our previous studies regarding the 
pro-osteogenic activity of miR-21. We have shown that 
downregulation of miR-21 hampers the proper extracel-
lular matrix reconstruction during osteogenic differen-
tiation in murine MC3T3-E1 cell line [20]. Conversely, 
upregulation of miR-21 combined with miR-124 and 
nanohydroxyapatite (nHAp), improves the osteogenic 
differentiation of MC3T3-E1 cells and murine BMSCs 

[28, 50]. Positive effect of miR-21-5p on osteogenesis in 
BMSC process has also been confirmed by other authors 
that found activation of Smad7-Smad1/5/8-Runx-2 path-
way in miR-21-KO mice model [51]. Interestingly, recent 
data indicate a beneficial role of miR-21 as a regulator of 
osteogenic differentiation of periodontal ligament stem 
cells by targeting Smad5 [52]. On the other hand, OPG 
belongs to the tumour necrosis factor receptor (TNFR) 
superfamily and its inhibitory effect on osteoclasts pro-
liferation and maturation has been shown previously 
[53]. Moreover, recent data suggest that OPG knock-
out mice develop osteoporosis and are characterised by 
an enhanced number of osteoclasts. Furthermore, their 

Fig. 5 MiR-21 affects the expression of non-protein-coding RNAs in BMSCs isolated from senile osteoporotic SAM/P6 mice. The RT-qPCR technique 
was used to present the gene expression of A miR-7a-5p, B miR-17-5p, C miR-124-3p, D miR-145-3p, E miR-203a-3p and F miR-223-3p. The RT-qPCR 
measurements were performed using RQMAX method and presented in a log scale. Significant differences between groups are indicated with 
asterisk: *p < 0.05, **p < 0.01, ***p < 0.001. Non-significant differences are marked as ns 

Fig. 6 MiR-21 improves regenerative potential of BMSCs in senile osteoporotic SAM/P6 mice strain in vivo. During the procedure, two mice (n = 2) 
were operated. A The photograph of critical-size cranial defects during the mice operation. B The RTG images of SAM/P6 mice 2 weeks after the 
procedure. The defects were marked on the images using red circles. Scale bar is equal to 5 mm. C The external and internal photographs obtained 
during µCT analyses of the defects in SAM/P6 mice. The ratio of newly formed tissue to the initial defect area was presented as a bar graph (E) and 
the new bone was indicated with red arrows. D The SEM–EDX analyses of the defects, as well as calcium and phosphorus distribution in SAM/P6 
mice. The images were captured under 35-fold magnification and the scale bar is equal to 200 µm. The SEM–EDX signal of calcium and phosphorus 
concentration were measured and presented as bar graphs (F, G). The mRNA level of H miR-21-5p, I miR-124-3p, J Runx-2 and K Trap within the 
defect site. Significant differences between groups are indicated with asterisk: *p < 0.05, **p < 0.01, ***p < 0.001. Non-significant differences are 
marked as ns 

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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BMSCs exhibit high expression of adipogenic related 
markers leading to accumulation of adipocytes within 
bone marrow [53]. Contrary, the Alpl (alkaline phos-
phatase) level was downregulated after miR-21 addition. 
Alpl is considered as a crucial marker of early osteogen-
esis. Therefore, we hypothesise that it might be a signal of 
accelerated differentiating processes proven by a greater 
expansion of ECM in  BMSCSAM/P6+miR-21 and accumula-
tion of transcripts considered as late markers of osteo-
genesis. The changeable expression profile of Alpl during 
osteogenic differentiation was noted previously by other 
authors [54, 55].

Simultaneously, miR-21 upregulation negatively 
affected Trap, Ctsk and Nfatc-1 expression, thus, res-
cues osteoporotic  BMSCSAM/P6 from their osteoclas-
tic-like nature. TRAP has been shown to be a critical 
cytochemical marker of osteoclasts and its high level in 
patients’ serum corresponds with bone resorption pro-
cess in menopausal women [56]. TRAP has been identi-
fied as a critical regulator of skeleton development and 
bone mineralization, collagen synthesis and degradation, 
production of dendritic cells, as well as macrophages 
recruitment [15]. Conversely, miR-21 did not change sig-
nificantly the expression of Pu.1; however, we noticed its 
higher level in  BMSCSAM/P6 compared to  BMSCBALB/c. 
Obtained results stay in line with previous studies that 
illustrated the important role of Nfatc-1 and Pu.1 during 
osteoclast maturation in murine BMSCs and RAW264.7 

cell lines. Essentially, the inadequate level of both tran-
scripts may also be the cause of osteoporosis progres-
sion [57–59]. Inhibiting osteoclasts activity might be an 
important strategy for protection of bone resorption, 
thus, protection against osteoporosis development.

The activity of particular miRNAs regulating gene 
expression has been identified as a critical phenomenon 
that might significantly affect bone formation and bone 
resorption. In this study, we have found that miR-21-5p 
increases the expression of miR-7a-5p, miR-145-3p and 
miR-223-3p in  BMSCSAM/P6+miR-21. Their enhanced 
expression might be considered as a good prognosis for 
miR-21 application due to their significant involvement 
in maintaining bone formation [2, 60–62]. Interestingly, 
in this study we observed a dual function of miR-21. Its 
upregulation resulted in a higher expression of tran-
scripts involved in osteoblast formation in  BMSCSAM/P6. 
On the other hand, a reduced expression of miR-17-5p 
and miR-124-3p that are involved in osteoporosis pro-
gression has been evidenced [63–65].

In order to verify the therapeutic potential of miR-
21-5p, we performed in  vivo bilateral cranial defect 
model using osteoporotic SAM/P6 mice. Since SAM/
P6 mice represent the model of senile osteoporosis with 
low bone mass and reduced BMD index (bone min-
eral density), verification of clinical effectiveness using 
this particular model is fully justified. We observed a 
higher accumulation of calcium and phosphorus within 

Fig. 7 A graphical abstract of performed experiment. Upregulation of miR-21-5p regulates the dynamic of mitochondria network, thus, positively 
affects the proper mineralization of extracellular matrix in  BMSCSAM/P6 and accumulation of proteins crucial for bone homeostasis maintenance. 
MiR-21 decreases the deteriorated autophagy and regulates mitochondrial network dynamic in BMSCs. In vivo study confirms the results obtained 
during ex vivo experiments, evidenced by enhanced bone regeneration and greater accumulation of Ca and P. All images and illustrations depicted 
in this figure were prepared by the Authors
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the defect sites in SAM/P6miR-21 group two weeks after 
the procedure. Additionally, the contribution of newly 
formed tissue was significantly higher in SAM/P6miR-21, 
when compared to SAM/P6CTRL. When combined, these 
results indicate improved osteogenesis in SAM/P6miR-21, 
resulting in the intensified formation of functional, highly 
mineralized bone tissue. Obtained results show the oste-
oinductive properties of miR-21 confirmed on critical-
size cranial defect model. In this study, we have proposed 
the potential mechanism of miR-21 action indicating 
its potential targets at mRNA level. We believe that the 
obtained data sheds a promising light on the potential 
therapeutic application of miR-21-5p in osteoporotic 
fractures treatment [50, 66].

Conclusions
Here, we demonstrated for the first time that upregula-
tion of miR-21-5p in BMSCs derived from unique model 
of senile osteoporotic SAM/P6 mice results in modula-
tion of mitochondria network dynamic, thus rejuvenation 
of cells’ phenotype and improved bone-forming capabil-
ity (Fig.  7). We have proven that miR-21 upregulation 
positively affects the proper mineralization of extracellu-
lar matrix in  BMSCSAM/P6 and accumulation of proteins 
crucial for bone homeostasis maintenance. Importantly, 
miR-21 regulates the deteriorated autophagy of BMSCs. 
Performed in  vivo study confirms the results obtained 
during ex vivo experiments. Obtained results stay in line 
with our previous papers concerning the effect of miR-21 
in murine MC3T3-E1 cell line and BMSCs [20, 28, 50]. 
However, for the first time the rejuvenating role of miR-
21 was identified using BMSCs isolated from senile accel-
erated SAM/P6 mice, as well as focused on mitochondria 
metabolism. We believe that obtained results may serve 
as an important factor during investigations in terms of 
osteoporosis diagnosis and treatment.
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