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Abstract

Rothmund-Thomson syndrome (RTS) is an autosomal recessive genetic disorder charac-

terized by poikiloderma, small stature, skeletal anomalies, sparse brows/lashes, cataracts,

and predisposition to cancer. Type 2 RTS patients with biallelic RECQL4 pathogenic vari-

ants have multiple skeletal anomalies and a significantly increased incidence of osteosar-

coma. Here, we generated RTS patient-derived induced pluripotent stem cells (iPSCs) to

dissect the pathological signaling leading to RTS patient-associated osteosarcoma. RTS

iPSC-derived osteoblasts showed defective osteogenic differentiation and gain of in vitro

tumorigenic ability. Transcriptome analysis of RTS osteoblasts validated decreased bone

morphogenesis while revealing aberrantly upregulated mitochondrial respiratory complex I

gene expression. RTS osteoblast metabolic assays demonstrated elevated mitochondrial
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respiratory complex I function, increased oxidative phosphorylation (OXPHOS), and

increased ATP production. Inhibition of mitochondrial respiratory complex I activity by IACS-

010759 selectively suppressed cellular respiration and cell proliferation of RTS osteoblasts.

Furthermore, systems analysis of IACS-010759-induced changes in RTS osteoblasts

revealed that chemical inhibition of mitochondrial respiratory complex I impaired cell prolifer-

ation, induced senescence, and decreased MAPK signaling and cell cycle associated

genes, but increased H19 and ribosomal protein genes. In summary, our study suggests

that mitochondrial respiratory complex I is a potential therapeutic target for RTS-associated

osteosarcoma and provides future insights for clinical treatment strategies.

Author summary

Rothmund-Thomson syndrome (RTS) is an autosomal recessive genetic disease charac-

terized by an array of clinical phenotypes affecting multiple tissues. Type 2 RTS is caused

by pathogenic variants in the RECQL4 gene encoding the RECQL4 DNA helicase. Type 2

RTS patients are prone to developing multiple primary osteosarcomas and have limited

chemotherapy options due to organ toxicities or lifetime limits on active agents such as

anthracyclines. There is currently no available RTS model that recapitulates the bone

malignancy phenotype in this disease, severely limiting the ability to explore new treat-

ment avenues which are greatly needed for these patients. To overcome this problem, we

established a Type 2 RTS disease model using a human induced pluripotent stem cell plat-

form. We then applied an unbiased approach to explore novel molecular mechanisms

involved in RECQL4mutation-induced osteosarcoma to explore therapeutic interven-

tions. Our findings indicate that mitochondrial respiratory complex I is an “Achilles’ heel”

of RTS osteosarcoma and that cancers harboring RECQL4mutations/deletions, in general,

may be vulnerable to mitochondrial respiratory complex I inhibition.

Introduction

Rothmund-Thomson syndrome (RTS) is a rare autosomal recessive disorder first described by

Dr. Auguste Rothmund in 1868 in his patients who had the characteristic poikilodermatous

skin rash and bilateral juvenile cataracts. In 1921 Dr. Sydney Thomson reported a similar con-

dition but in association with radial ray defects [1–3]. The clinical phenotype of RTS was sub-

sequently further delineated to include other features including growth retardation, hair, nail,

and skeletal abnormalities, and a predisposition to cancer, specifically osteosarcoma [1–3].

Pathogenic variants in the ANAPC1 and RECQL4 genes have been identified in Type 1

(OMIM #618625) and Type 2 (OMIM #268400) RTS patients, respectively [4,5]. RECQL4
pathogenic variants associated with RTS include nonsense, frameshift, splicing, and intronic

deletions, all of which impair RECQL4 cellular function. In contrast to Type 1 RTS patients,

who have no elevation in risk of osteosarcoma, Type 2 RTS patients with biallelic RECQL4
pathogenic variants have a significantly elevated lifetime risk of osteosarcoma. While the clini-

copathogical features of RTS-associated osteosarcomas are similar to osteosarcomas arising in

the general population [6], they occur at an earlier age, and RTS patients are at risk of develop-

ing multiple primary tumors.

One hallmark feature of cancer cells is their ability to metabolically reprogram mitochon-

drial metabolism to support continued growth [7]. The mitochondria are central cellular
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organelles responsible for metabolizing carbohydrates, lipids, and amino acids and for gener-

ating over 90% of cellular ATP and metabolic intermediates such as FADH2, NADH, and

NADPH for the electron transport chain (ETC) and oxidative phosphorylation (OXPHOS).

Cancer cells may facilitate growth by reprogramming their energy metabolism to favor several

pathways, including acquisition of aerobic glycolysis (Warburg effect), increase in fatty acid

oxidation, enhancement of glutamine and amino acid metabolism, and activation of OXPHOS

[8,9]. Although the majority of cancer cells preferentially employ aerobic glycolysis to meet

anabolic demands, some cancer cells rely uniquely on OXPHOS to support cell proliferation

and survival [10]. In addition to promoting tumor proliferation, OXPHOS also drives tumor

migration, metastasis, and immortalization [11,12]. These findings indicate the potential of

therapeutically targeting OXPHOS-dependent tumors via their mitochondrial functions.

Although immortalized cancer cell lines, primary patient samples and cultured cells, and

small organism models (e.g., fruit fly, zebrafish, and mouse) have made innumerable contribu-

tions to our understanding of the molecular mechanisms of cancer initiation, progression,

metastasis, and recurrence, the complexity of the cancer genome and differences among spe-

cies frequently limit clinical translation of many preclinical findings. Patient-derived induced

pluripotent stem cells (iPSCs) provide unparalleled advantages as a model system, allowing

investigators to study a cell continuously from the moment it differentiates from a multipotent

progenitor into a differentiated cell type of interest [13,14]. Cancer disease modeling using

patient-derived iPSCs has been employed successfully to study malignancies driven by a

defined genetic background [15,16], including osteosarcoma in Li-Fraumeni syndrome (LFS)

patients [17–20], leukemia in myelodysplastic syndrome (MDS) and Noonan syndrome

patients [21,22], and colorectal cancers in familial adenomatous polyposis (FAP) patients [23].

These findings illustrate the feasibility of using patient-derived iPSCs as a platform to elucidate

the pathological mechanisms involved in tumor initiation and development.

In this study, we established RTS iPSCs to analyze the transcriptomic alterations in RTS oste-

oblasts and to determine the pathological signature involved in RTS-associated osteosarcoma.

We then applied these findings through multiple in vitro assays to identify a treatment strategy

with promising activity against RECQL4-mutated osteoblasts. Our study has the potential to

offer a paradigm shift in the treatment of osteosarcoma in RTS patients and RECQL4-mutated

osteosarcoma. Suppression of mitochondrial respiratory complex I by OXPHOS inhibitor may

offer effective salvage therapies, which currently do not exist for RTS patients as well as for

recurrent sporadic osteosarcoma patients with somatic RECQL4mutations.

Results

Generation and characterization of iPSCs from RTS patients and

unaffected parents

To gain insight into RTS-associated bone malignancies, we employed a patient-derived iPSC

disease platform constructed from a cohort of four individuals from two RTS families, each

with one affected RTS proband and one unaffected parent. Both RTS probands (labeled as

RTS-A and RTS-B) had biallelic RECQL4 pathogenic variants (Fig 1A), while parents (labeled

as Family control A (FC-A) and Family control B (FC-B)) each had a RECQL4 variant on one

allele. Both RTS probands presented with classic Type 2 RTS features, including poikiloderma,

radial ray defects, growth retardation, multiple skeletal and dental abnormalities (see Fig 1B

for photos and Table 1 for clinical features), and both developed osteosarcomas. The RECQL4
pathogenic variants in RTS patients were confirmed by Sanger sequencing (Fig 1C). Immuno-

blotting indicated the loss of full-length RECQL4 protein in both RTS-A and RTS-B cells, sug-

gesting impairment of RECQL4 function in these RTS patients (Fig 1D).
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Fibroblasts from RTS individuals and their parents were transduced with four Yamanaka

factors (NANOG, OCT4, SOX2, and MYC) [24,25] using a Sendai virus (SeV)-based cell

reprogramming method. iPSC clones were successfully isolated and expanded from fibro-

blasts, leading to generation of iPSC clones from two affected RTS probands (RTS-A and

RTS-B) and two parents (FC-A and FC-B). The iPSCs exhibited hESC clonal morphology and

Fig 1. Clinical characterization of Type 2 Rothmund-Thomson Syndrome patients in this study. (A) Pedigrees of the two families with RTS Type 2 and

RECQL4 pathogenic variants reported in this study. (B) Photos show the classic poikiloderma on the face, ears, and arms of individual RTS-A at age 2 years (left

panels, top and bottom). Note the sparing of the trunk and abdomen as well as sparse scalp hair and absence of eyebrows and presence of gastrostomy feeding

tube. Middle panels illustrate variability in the severity of poikiloderma on the lower extremities in RTS-A (upper) and RTS-B (lower). Note hypoplastic thumb

and dystrophic nails in RTS-A. Both individuals developed osteosarcoma. The right top panel shows an x-ray of the skeletal defect (radiohumeral synostosis, age

2 years) in RTS-A, and the bottom panel shows an MRI image of osteosarcoma that developed in the right proximal radius of RTS-A at age 10 years. This T1 fat-

saturated, coronal, post-contrast view demonstrates diffuse solid enhancement of the tumor with some central areas of non-enhancement. (C) Sanger

sequencing verifies biallelic RECQL4 (c. 2719C>T/Q907X) pathogenic variant in RTS-A fibroblasts (upper panel) and RECQL4 (1568G>C;1573delT and VS11

+32del24) in RTS-B fibroblasts (middle and lower panels). (D) Immunoblotting indicates the loss of RECQL4 protein in RTS-A fibroblasts and the truncated

RECQL4 protein in RTS-B fibroblasts. �, non-specific band.

https://doi.org/10.1371/journal.pgen.1009971.g001
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ubiquitously expressed the pluripotency transcription factors NANOG and OCT4 as well as

human embryonic stem cell (hESC) surface antigens TRA-1-81 and SSEA4 (Fig 2A). Quantita-

tive reverse transcription PCR (qRT-PCR) confirmed comparable expression of NANOG,

OCT4, and SOX2mRNA transcripts in iPSC lines compared to hESC H1 cells (Fig 2B). Tera-

toma formation assay was performed to test the ability of these cell lines to differentiate into all

three germ layers in vivo. H&E examination of teratomas revealed successful differentiation of

all generated lines into ectodermal, endodermal, and mesodermal lineages (S1A Fig), confirm-

ing their pluripotency. We further verified the loss of exogenous SeV-OCT4, SOX2, KLF4, and

MYC transgenes by genomic PCR detection and confirmed absence of detectable SeV trans-

genes in these iPSCs (S1B Fig), indicating that these RTS and FC iPSCs are generated with

zero genetic footprint. To further investigate if additional mutation burden was created during

reprogramming, we applied whole exome sequencing (WES) to compare RTS fibroblasts and

iPSCs. In comparison with RTS-B fibroblasts, 6 and 146 additional nonsynonymous somatic

variants were detected in RTS-B2 and RTS-B3, respectively (S1C Fig and S1 Table). The num-

ber of somatic variants resembled the level of mutations found in reprogrammed iPSCs as pre-

viously reported [26]. No mutations related to known tumor suppressor genes and oncogenes

(e.g., p53, RB1, and RAS) were detected in RTS iPSCs. Taken together, these iPSC characteriza-

tions suggested the reliability of the RTS iPSC platform to model and study RTS pathology.

RTS iPSC-derived osteoblasts demonstrate osteogenic differentiation

defects and premalignant phenotypes

We differentiated the newly generated iPSC lines to mesenchymal stem cells (MSCs) using an

optimized MSC differentiation protocol [27]. During the 8-week MSC differentiation period,

RTS and FC iPSCs exhibited morphological changes under brightfield microscopy from com-

pact iPSCs to elongated and swirling cellular patterns characteristic of MSCs (Fig 2C). Immu-

nostaining of these differentiated cells demonstrated presence of typical MSC surface markers

CD44, CD73, and CD105 (Fig 2C), confirming successful differentiation. These MSCs were

further differentiated into osteoblasts, a potential cell-of-origin for osteosarcoma, by a defined

osteoblast differentiation method [17]. We further characterized cell proliferation of RTS and

FC samples at different stages (iPSCs, MSCs, and osteoblasts) and found that RTS iPSCs and

Table 1. Clinical characteristics of RTS Type 2 individuals with RECQL4 mutations.

RTS-A RTS-B

Gender M F

Skin Poikiloderma, hyperkeratosis Poikiloderma

Hair Sparse scalp hair, absent eyebrows, eyelashes Sparse scalp hair, absent eyebrows, eyelashes

Eyes Astigmatism, epiphoria Astigmatism, epicanthal folds

ENT Recurrent OM, mild hearing loss, mild nasal and choanal stenosis Normal

Teeth Dental crowding Dental caries, erosion, enamel defects

Nails Dystrophic nails Normal

Skeletal Bilateral thumb and digit hypoplasia, left radiohumeral synostosis, metaphyseal

trabeculation defects; osteopenia

Bilateral thumb and digit hypoplasia, left radius hypoplasia,

limited elbow extension

Growth and

Development

Small stature, speech and motor delay Small stature, delayed milestones

GI History of vomiting diarrhea, malabsorption, feeding tube History of severe vomiting as infant

Cancer Osteosarcoma, diagnosed at 10 years Osteosarcoma, diagnosed at 11 years

Abbreviations: M-male; F-female; ENT-Ear, Nose Throat; OM-otitis media; GI-Gastrointestinal

https://doi.org/10.1371/journal.pgen.1009971.t001
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Fig 2. Generation of RTS iPSCs and iPSC-derived osteoblasts. (A) RTS and FC iPSCs exhibit hESC morphology and express pluripotency transcription

factors NANOG and OCT4 as well as hESC surface antigens TRA-1-81 and SSEA44 ubiquitously. Scale bar, 100 μm. (B) qRT-PCR assay for pluripotency genes

NANOG, OCT4, and SOX2 in RTS and FC iPSCs. Error bars indicate SEM of triplicates. n = 3 biological replicates. (C) Immunostaining demonstrates that
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MSCs have decreased cell proliferation ability compared to FC counterparts, indicating the

essential role of RECQL4 in maintaining cell growth (S2A Fig, upper and middle panels).

Importantly, there were no significant growth differences between RTS and FC osteoblasts

(S2A Fig, lower panel). Consistent with the role of RECQL4 in regulating the cell cycle [28],

cell cycle profile analyses revealed that RTS iPSCs have an increased G2/M cell population,

whereas RTS MSCs and osteoblasts do not show differences in their G2/M cell population

(S2B Fig). These results imply potential pro-oncogenic transformation (e.g., enhanced cell

growth ability) in RTS osteoblasts. Wound healing assays demonstrated no difference in cell

migration abilities between RTS and FC osteoblasts (S2C Fig), which may reflect the clinical

observation that RTS patient osteosarcomas do not have a prevalence of metastases [6]. Fur-

thermore, Alizarin Red S (ARS) staining for mineral deposition by functional osteoblasts was

decreased in RTS compared to FC samples (Fig 2D), suggesting impaired osteogenic differen-

tiation in RTS osteoblasts. Consistently, in comparison with FC osteoblasts, RTS osteoblasts

showed lower expression of the osteoblastic genes COL1A1, IGF2, and CLEC3B during osteo-

genesis (Fig 2E). Anchorage-independent growth (AIG) assay showed that RTS osteoblasts

demonstrate an increased clonal growth ability in soft agar in comparison with FC and wild-

type (WT) osteoblasts (lacking biallelic RECQL4 pathogenic variants) (Fig 2F), supportive of

an in vitro tumorigenic ability of RTS osteoblasts. Remarkably, FC osteoblasts could maintain

a certain clonal growth ability in soft agar, implying a potential tumor suppressor role of

RECQL4 at the tumor imitation stage. Taken together, these findings demonstrate that aspects

of the Type 2 RTS phenotype, in particular abnormal skeletal development and premalignant

ability, can be recapitulated within the RTS iPSC disease platform.

Increased mitochondrial respiratory gene transcripts in RTS osteoblasts

To interrogate the molecular dysregulation leading to osteosarcomagenesis in RTS patients,

RTS and FC iPSC-derived cells were collected for transcriptome analysis by RNA-seq at three

different osteogenic differentiation stages: MSC stage (day 0; D0); pre-osteoblast stage (day 15;

D15); and mature osteoblast stage (day 24; D24). We applied gene set enrichment analysis

(GSEA) to identify gene ontology biological processes (GO_BPs) enriched in RTS or FC cells

at these differentiation stages. GO_BPs for many mitochondrial energy production functions

(e.g., ATP synthesis coupled electron transport, mitochondrial respiratory chain complex

assembly, mitochondrial electron transport NADH to ubiquinone, NADH dehydrogenase

complex assembly, OXPHOS, etc.) were enriched in RTS osteoblasts compared to FC osteo-

blasts (Fig 3A and 3B). Interestingly, enrichment of these pathways was only observed in osteo-

blast but not MSC lineages, indicating that the alteration of mitochondrial energy production

occurs during, but not prior to, osteogenic differentiation. In contrast, GO_BP analyses

revealed significantly depleted genes in skeletal development pathways (e.g., bone morphogen-

esis, bone development, cell matrix adhesion, extracellular matrix assembly, etc.) in the RTS

pre-osteoblasts and osteoblasts compared to FC counterparts (Fig 3A and 3B), supportive of

the small stature and skeletal abnormalities seen in RTS patients (Fig 1B and Table 1) and the

impaired osteogenic differentiation observed in RTS osteoblasts (Fig 2D).

Consistently, KEGG pathway analyses highlighted increased mitochondrial ATP produc-

tion pathways, including OXPHOS and tricarboxylic acid (TCA) cycle pathway genes, but

iPSC-derived MSCs exhibit swirling morphology (phase contrast image) and express MSC surface markers CD44, CD73, and CD105. Scale bar, 100 μm. (D)

ARS staining reveals attenuated mineral deposition ability in RTS osteoblasts. Scale bar, 100 μm. (E) qRT-PCR assay for osteoblast lineage genes COL1A1, IGF2,

and CLEC3B in RTS and FC osteoblasts. Error bars indicate SEM of triplicates. n = 3 biological replicates. (F) AIG assay for in vitro tumorigenicity

demonstrates that RTS osteoblasts present an increased clonal growth ability in soft agar in comparison with FC and WT osteoblasts. Positive colonies after

1.5-month growth of differentiated osteoblasts in osteoblast differentiation medium are those larger than 50 μm (scale bar, 50 μm). n = 3 biological replicates.

https://doi.org/10.1371/journal.pgen.1009971.g002
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Fig 3. Transcriptional analysis reveals increased OXPHOS in RTS osteoblasts. (A) GSEA analyses identify gene ontology biological processes (GO_BP) from a

collection of 7525 genes sets (left) enriched in RTS or FC osteoblasts. GO_BP gene sets enriched (orange, corresponding to a positive normalized enrichment score

(NES)) or depleted (green, corresponding to a negative NES) in the transcriptome of RTS compared to FC osteoblasts are shown. Enriched gene sets are selected

based on statistical significance (normalized p-value< 0.05 and FDR q-value< 0.25). Middle, heatmap of significantly altered GO_BPs in RTS MSCs (D0), pre-

osteoblasts (D15), and osteoblasts (D24) compared to FC counterparts. Right, GSEA leading edge analysis demonstrates the overlap between gene sets enriched in

RTS and FC osteoblasts. (B) GSEA GO_BP results for mitochondrial electron transfer NADH to ubiquinone and bone morphogenesis. (C) KEGG pathway analyses

identify enriched pathways in RTS and FC osteoblasts. Left, 183 total pathways are included in KEGG pathway analysis. Pathways enriched in the transcriptome of

FC osteoblasts have a negative normalized enrichment score (NES) (blue), while pathways with a positive NES (shown in red) are enriched in the transcriptome of

RTS osteoblasts. Enriched pathways are selected based on statistical significance (normalized p-value< 0.05 and FDR q-value< 0.25). Right, heatmap showing
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decreased osteogenic Wnt signaling genes in RTS compared to FC osteoblasts (Fig 3C and

3D). These findings were further supported by Reactome biologic pathways and process analy-

ses showing an increase in transcription of genes related to respiratory electron transport and

respiratory electron transport ATP synthesis but decreased transcription of genes related to

extracellular matrix organization in RTS compared to FC osteoblasts (S3A Fig). We validated

the upregulation of select OXPHOS genes in RTS osteoblasts using qRT-PCR and confirmed

upregulation of NDUFA7, NDUFB1, NDUFB2, and NDUFS8, which are involved in both the

accessory and catalytic subunits of mitochondrial respiratory complex I [29], in RTS compared

to FC osteoblasts (Fig 3E). The upregulation of NDUFA7 and NDUFS8 was further confirmed

by immunoblotting (Fig 3F). These findings are consistent with transcriptome analyses of oste-

osarcoma cell lines and specimens demonstrating increased mitochondrial ATP production

pathways (e.g., OXPHOS, respiratory electron transport chain, TCA cycle, and mitochondrial

respiratory complex assembly) in sporadic osteosarcoma cell lines compared with normal

bone tissues and osteoblasts (S3B Fig), suggesting that elevated expression of mitochondrial

ATP production genes contributes to osteosarcomagenesis.

Increased mitochondrial respiratory complex I activity in RTS osteoblasts

facilitates elevated OXPHOS

To explore the biochemical activity of the electron transport chain in RTS and FC osteoblasts,

we systematically analyzed the enzymatic activities of the major mitochondrial respiratory pro-

tein complexes including complex I, complex I and III, complex II, complex II and III, and cit-

rate synthase enzyme activity. We discovered that RTS osteoblasts had significantly increased

mitochondrial respiratory complex I activity (Fig 4A), but no difference in complex II, III, IV,

or citrate synthase enzyme activities (S4A–S4E Fig). These mitochondrial enzymatic activity

assays were consistent with transcriptome results showing increased mRNA expression of

mitochondrial respiratory complex I genes NDUFA7, NDUFB1, NDUFB2, and NDUFS8
(Fig 3E). These findings lead us to conclude that RTS osteoblasts are characterized by

increased mitochondrial respiratory complex I gene transcription and activity.

Mitochondrial respiratory complex I is of particular importance as it is the first step in the

electron transport chain, establishing the electrochemical gradient necessary for ATP produc-

tion [30]. Next, we explored the cellular metabolism of RTS osteoblasts using Seahorse metabolic

flux assays. Our results demonstrated an increased oxygen consumption rate (OCR) in RTS

osteoblasts compared to FC osteoblasts (Fig 4B). The basal respiration rate of RTS osteoblasts, as

measured by ATP production, was also significantly increased compared to FC osteoblasts (Fig

4C). RTS osteoblasts also had significantly increased proton leak under normal culture condi-

tions (Fig 4D), indicating an increased ability to create the proton gradient across the mitochon-

drial inner matrix for ATP synthase activity. Indeed, RTS osteoblasts showed increased ATP-

linked (i.e., mitochondrial) respiration and maximal respiration (Fig 4E and 4F). RTS osteo-

blasts also retained significantly more spare respiratory capacity (Fig 4G). In contrast, RTS and

parental osteoblasts had similar non-mitochondrial respiration rates (Fig 4H), suggesting that

mitochondria-associated OXPHOS is the cause of increased oxygen consumption.

We next compared extracellular acidification rates (ECAR) to assay for glycolysis in RTS

osteoblasts. In agreement with their elevated OXPHOS, RTS osteoblasts shift away from

significantly altered pathways in RTS MSCs (D0), pre-osteoblasts (D15), and osteoblasts (D24) compared with FC counterparts. (D) Representative KEGG pathways

differentially regulated in RTS osteoblasts, including OXPHOS and Wnt signaling pathway. (E) Individual genes (NDUFA7,NDUFB1, NDUFB2, and NDUFS8) that

compose complex I of the electron transport chain are significantly upregulated in RTS osteoblasts. n = 3 biological replicates. (F) Immunoblotting indicates that

NDUFA7 and NDUFS8 are upregulated in RTS osteoblasts compared to FC osteoblasts.

https://doi.org/10.1371/journal.pgen.1009971.g003

PLOS GENETICS Aberrant mitochondrial respiratory complex I function in RTS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009971 December 29, 2021 9 / 24

https://doi.org/10.1371/journal.pgen.1009971.g003
https://doi.org/10.1371/journal.pgen.1009971


glycolysis toward OXPHOS as a means of ATP production (Fig 4I) and demonstrated a signifi-

cant decrease in both basal and maximal ECAR (Fig 4J and 4K), indicating that RTS osteo-

blasts have little reliance on glycolytic metabolism. Also, a decrease of total ATP levels was

found in RTS osteoblasts (S4F Fig). These data demonstrate that, compared to FC osteoblasts,

RTS osteoblasts upregulate OXPHOS and mitochondrial respiratory complex I -mediated

ATP production at the expense of decreased glycolysis. Taken together, our systems-based

analyses demonstrating an increase in mitochondrial respiratory transcripts and activities lead

us to hypothesize that elevated complex I enzymatic activity in RTS osteoblasts may play a crit-

ical role in RTS-driven osteosarcomagenesis.

Fig 4. Metabolic differences between RTS and FC osteoblasts demonstrate the role of OXPHOS in increasing ATP production in RTS

osteoblasts. (A) Enzyme activity of complex I is increased in RTS osteoblasts. n = 3 biological replicates. (B) Seahorse assays indicate increased

oxygen consumption rate, a measure of OXPHOS, in RTS osteoblasts. n = 3 biological replicates. (C-H) Individual calculations of basal

respiration (C), proton leak (D), ATP-linked respiration (E), maximal respiration (F), and spare capacity (G) in RTS osteoblasts as measured by

seahorse assay, all of which are significantly upregulated. Non-mitochondrial respiration (H), which is not attributed to OXPHOS, is

comparable between RTS and parental osteoblasts. n = 3 biological replicates. (I) Seahorse assays show decreased extracellular acidification rate,

a measure of glycolysis, in RTS osteoblasts. n = 3 biological replicates. (J-K) Significantly decreased basal extracellular acidification rate (J) and

maximal acidification rate (K) in RTS osteoblasts indicate RTS osteoblast reliance on OXPHOS for ATP production. n = 3 biological replicates.

https://doi.org/10.1371/journal.pgen.1009971.g004
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IACS-010759 selectively inhibits OXPHOS and cell viability of RTS

osteoblasts

OXPHOS inhibitor IACS-010759 binds to and inhibits mitochondrial respiratory complex I of

the electron transport chain, thereby selectively inhibiting growth and survival of cells depen-

dent on complex I function [31,32]. A preclinical study of IACS-010759 demonstrated robust

suppression of proliferation and induction of cell death in tumor cells reliant on OXPHOS.

This agent is being evaluated in phase I clinical trials against acute myeloid leukemia (AML)

and solid tumors [31]. Based on our results highlighting that RTS osteoblasts meet their

increased energy demands via hyperactivated mitochondrial respiratory complex I function,

we investigated whether RTS premalignant osteoblasts are selectively vulnerable to inhibition

of mitochondrial respiratory complex I function. We first examined the effect of IACS-010759

on ATP production via OXPHOS in RTS osteoblasts. IACS-010759 treatment resulted in

decreased OXPHOS (Fig 5A), with significantly reduced ATP-linked respiration, maximal res-

piration, and spare respiratory capacity in these cells (Fig 5B). We then assayed osteoblast

growth following IACS-010759 inhibition. Upon IACS-010759 treatment, RTS osteoblasts, but

not FC osteoblasts, altered their cell morphology from a spindle shape into an irregular shape

(Figs 5C and S5A), indicating cellular effects on RTS osteoblasts. Consistently, cell prolifera-

tion assays demonstrated selectively inhibited RTS osteoblast growth following IACS-010759

treatment but only limited effects on FC osteoblast proliferation (Fig 5D), suggesting that inhi-

bition of mitochondrial respiratory complex I activity selectively suppresses RTS cell survival.

In contrast, Rotenone, another known mitochondrial respiratory complex I inhibitor, not only

presented less efficacy in inhibiting RTS osteoblasts compared to FC counterparts but also

showed a certain inhibitory effect on FC osteoblast growth (S5B Fig). These findings suggest

that IACS-010759 is a better choice for clinical application.

We next investigated the cellular effects of IACS-010759-mediated RTS osteoblast growth

inhibition. As shown in S5C Fig, RTS osteoblasts exhibited an increased reactive oxygen spe-

cies (ROS) production compared to FC osteoblasts, but IACS-010759 did not change ROS lev-

els in both RTS and FC osteoblasts. Caspase 3/7 activity assays indicated that IACS-010759

leads to decreased cell apoptosis in both RTS and FC osteoblasts. (S5D Fig). Interestingly,

IACS-010759 selectively induced cellular senescence of RTS osteoblasts (Fig 5E) and altered

the cell cycle profile of RTS osteoblasts by increasing G0/G1 and decreasing S and G2/M cell

populations (S5E Fig). These findings suggest that induction of senescence, but not ROS pro-

duction and apoptosis, is one of the pharmacological mechanisms involved in IACS-

010759-induced RTS osteoblast growth inhibition. Taken together, these results demonstrate

that inhibition of mitochondrial respiratory complex I abrogates OXPHOS and induces cell

senescence in RTS osteoblasts and underscore the possibility of targeting RTS osteosarcomas

using IACS-010759.

To shed light on the molecular effects of IACS-010759 in halting RTS osteoblast viability,

we next examined the transcriptional changes in RTS osteoblasts upon IACS-010759 treat-

ment. A scatter plot comparing gene expression between IACS-010759 and DMSO treated

RTS osteoblasts indicated that IACS-010759 treatment upregulates long non-coding RNA H19

and numerous ribosome proteins (e.g., RSP27, RPL11, RPL32, RPL35A, RPL11, etc.) and

downregulates cell cycle processes (e.g., EPGN, EREG, GPSM2, etc.) and the MAP kinase

pathway (STK39, HGF, GHR, etc.) in these cells (Fig 5F). Enrichr-based GO_BP analysis of

differentially expressed genes (>1.5 fold changes) between DMSO and IACS-010759-treated

RTS osteoblasts demonstrated an increase in protein targeting, T cell mediated cytotoxicity,

and protein translation pathway transcripts and a decrease in cell cycle process and MAP

kinase (MAPK) pathway transcripts in IACS-010759-treated RTS osteoblasts (Figs 5G
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Fig 5. Inhibition of mitochondrial respiratory complex I specifically impairs ATP respiration, reliance on OXPHOS, and survival in RTS

osteoblasts. (A-B) RTS osteoblasts treated by 100 nM of IACS-010759 show reduced ATP respiration, maximal respiration, and spare
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and S5F). Downregulation of cell cycle regulator EREG and MAPK signaling molecule STK39

(Fig 5H) and ERK1/2 activity (Fig 5I) in IACS-010759-treated RTS osteoblasts were validated

by immunoblotting. KEGG pathway analysis of significantly upregulated genes in IACS-

010759-treated RTS osteoblasts further validated the upregulation of the ribosome pathway

(S5G Fig). In summary, our systematic transcriptome analyses revealed multiple potential

pharmacologic mechanisms for IACS-010759-mediated cell growth inhibition in RTS

osteoblasts.

Discussion

In this study, we established an RTS iPSC disease model to investigate altered pathological

mechanisms involved in RTS patient-associated osteosarcoma. By differentiating RTS iPSCs to

osteoblasts and characterizing them along this pathway of differentiation, we were able to

establish specific osteoblastic defects induced by the RECQL4 genotypes that correlate with the

RTS Type 2 phenotype. The advantage of the iPSC platform lies in its ability to establish highly

flexible pluripotent human cell lines from an established unique genetic alteration and proven

background. In this case, our approach allowed us to dissect the impact of RECQL4 pathogenic

variants on RTS-associated pathological consequences such as defective osteogenesis and

osteosarcomagenesis. The unique self-renewal/pluripotency and differentiation abilities of

iPSCs distinguish them from all existing model systems. In addition to MSCs and osteoblasts,

RTS iPSCs are capable of being differentiated into other germ layers. With appropriate differ-

entiation protocols, these models can be used to study other clinical phenotypes of RTS, such

as cataracts, poikiloderma, and abnormal dentition, that affect other tissues and organ

systems.

We examined the dysregulated pathways in RTS iPSC-derived osteoblasts using multiple

gene set categories including GO_BP, KEGG pathway and Reactome. All tools for systems

analyses pointed to the same alteration of increased energy metabolism and upregulated

OXPHOS in RTS osteoblasts, indicating that RECQL4 pathogenic variants result in elevated

OXPHOS in RTS osteoblasts. Accumulating studies of energy metabolism in leukemias, lym-

phomas, pancreatic ductal adenocarcinoma, melanoma, and endometrial carcinoma reveal the

essential role of OXPHOS in contributing to tumor formation and progression [10]. Our tran-

scriptomic analyses also identified increased expression of genes involved in OXPHOS, partic-

ularly mitochondrial respiratory complex I, in RTS osteoblasts. Consistently, bioenergetics in

RTS osteoblasts revealed the preference of RTS osteoblasts for utilizing OXPHOS but not aero-

bic glycolysis to meet anabolic demands. Since total ATP production is decreased in RTS cells

(S4F Fig), an increase of OXPHOS by upregulating mitochondrial respiratory complex I gene

expression to enhance ATP production would provide an essential advantage to overcome

capacity. Differences in OCR with seahorse assay are most apparent after the addition of FCCP, which measures the maximum potential of

ATP production through the electron transport chain. n = 3 biological replicates. (C) IACS-010759 alters RTS osteoblast cell morphology from

a spindle shape to an irregular shape. Scale bar, 100 μm. (D) IACS-010759 selectively inhibits cell proliferation of RTS osteoblasts. Cell

proliferation assays after treatment with 100 nM of IACS-010759 show growth inhibition of RTS osteoblasts but little effect on FC osteoblasts.

n = 4 biological replicates. (E) IACS-010759 induces the cellular senescence of RTS osteoblasts. The SA-β-Gal+ areas are measured using

ImageJ. n = 3 biological replicates. (F) Scatter plot indicates a marked difference of transcripts between DMSO and 100 nM of IACS-

010759-treated RTS osteoblasts. H19 and numerous ribosomal protein genes are upregulated but MAPK pathway and cell cycle-associated

genes are downregulated upon IACS-010759 treatment. (G) GO_BP analysis indicates dysregulated pathways in RTS osteoblasts upon IACS-

010759 treatment. IACS-010759 activates protein targeting, T cell-mediated toxicity, and protein translation related biological processes but

inhibited MAPK and cell cycle processes in RTS osteoblasts. (H) Immunoblotting indicates a decrease MAPK pathway related STK9 and

EREG in RTS osteoblasts upon IACS-010759 treatment. (I) IACS-010759 impairs ERK1/2 activity in RTS osteoblasts. (J) Model for the

elevated mitochondrial respiratory complex I function in RTS osteoblasts. In RTS patients, impaired RECQL4 function leads to an increase of

mitochondrial respiratory complex I gene expression and function, and thereby induces premalignant phenotypes. Pharmacological inhibition

of mitochondrial respiratory complex I function by IACS-010759 can be applied to prevent and/or treat RTS patient associated osteosarcomas.

https://doi.org/10.1371/journal.pgen.1009971.g005
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ATP deficiency due to RECQL4 pathogenic variants. Increased production of NAD+ through

mitochondrial respiratory complex I has been shown to immortalize tumor cells at the tumor

initiation stages [11]. We speculate that elevated mitochondrial respiratory complex I genes

and OXPHOS provide dual RTS survival benefits, including energy for a higher level of growth

as well as increased NAD+ to drive RTS osteoblast immortalization toward malignancy.

As a DNA helicase, RECQL4 not only plays an important role in modulating DNA replica-

tion and repair but also preserves mitochondrial DNA integrity. RECQL4 was suggested to

interact with mitochondrial polymerase (PolγA/B2) and play a role in the proofreading activi-

ties of PolγA/B2 [33]. In agreement with elevated ROS in RTS osteoblasts (S5C Fig), RECQL4

homozygous deficient fibroblasts from RTS patients exhibited increased oxidative stress and a

markedly decreased repair capacity for DNA damage [34]. Mutant RECQL4 particularly trans-

locates from nucleus to mitochondria and then interacts with mitochondrial replication heli-

case PEO1, which leads to elevated mtDNA synthesis and mitochondrial dysfunction [35].

Our study added a new finding to link mitochondrial dysfunction to RTS pathology and

uncovered the upregulated mitochondrial respiratory complex I gene expression and activities

in RTS osteoblasts. Together, these findings shed light on additional RECQL4 functions in

mitochondria and the involvement of mitochondria dysregulation in RTS etiology.

Our thorough transcriptional and biochemical studies conclude that elevated mitochon-

drial respiratory complex I function in RTS osteoblasts is a potential therapeutic target to treat

RTS osteosarcoma. Indeed, the preclinical compound IACS-010759, a mitochondrial respira-

tory complex I inhibitor specific for the ND1 subunit that blocks the intermembrane transport

of H+ [31], selectively impairs cell viability of RTS osteoblasts. Our RTS osteoblast transcrip-

tome analyses demonstrated that IACS-010759 treatment not only impairs MAPK signaling

and cell cycle gene expression, but also upregulates H19 and ribosomal gene expression. The

effect of the RTS genotype on the MAPK pathway has been previously shown in RTS fibro-

blasts, which demonstrated an increased cellular lifespan and proliferation rate due to MAPK

activation [36]. H19 has also been shown to function as a tumor suppressor to promote osteo-

genesis and inhibit osteosarcomagenesis in LFS osteoblasts and osteosarcoma [17], implying

that IACS-010759 may shift cells from a tumorigenic and undifferentiated profile towards nor-

mal osteoblast differentiation. Furthermore, IACS-010759 upregulates the expression of ribo-

somal protein genes such as RSP27, RPL11, RPL32, RPL35A, and RPL11, mutations which are

found in osteosarcoma-prone Diamond-Blackfan anemia (DBA) patients [37–39]. Homeosta-

sis of ribosomal biogenesis may be an essential process to maintain survival of RTS osteoblasts.

In summary, we established an RTS iPSC disease platform to dissect the pathological mech-

anisms involved in RTS-associated osteosarcoma (Fig 5J). Transcriptome analysis revealed

upregulation of genes involved in OXPHOS, especially mitochondrial respiratory complex I,

in RTS osteoblasts. The upregulation of oxidative metabolism in RTS is a druggable pathway,

and our preclinical studies using IACS-010759 suggest favorable, clinically relevant changes in

RTS osteoblasts treated with this drug. Overall, our study suggests strong clinical potential for

therapies targeting mitochondrial respiratory complex I in RTS patients with osteosarcoma.

Materials and methods

Ethics statement

The protocol entitled "Molecular Basis of Clinical Spectrum of Rothmund-Thomson Syn-

drome" (IRB# H-9106) was approved by the Institutional Review Board of Baylor College of

Medicine and Affiliated Hospitals. Written formal consent for participation in this IRB-

approved protocol was obtained by Dr. Lisa L. Wang (P.I.) from the legally authorized repre-

sentative of each subject at the time of enrollment.
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Cell culture

RTS and family control (FC) fibroblasts were cultured and maintained in Dulbecco’s Modified

Eagle Medium (DMEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS) (Opti-

Gold performance enhanced F0900-050, GenDEPOT, Barker, TX), L-glutamine, non-essential

amino acids, β-mercaptoethanol, and penicillin/streptomycin. iPSC-derived MSCs were main-

tained in gelatin-coated plates and cultured in DMEM supplemented with 10% FBS, L-gluta-

mine, and penicillin/streptomycin. iPSC-derived osteoblasts were cultured in osteogenic

differentiation medium (α-MEM supplemented with 10% FBS, 0.1 μM dexamethasone, 10

mM β-glycerol phosphate, and 200 μM ascorbic acid) [17,40].

Somatic cell reprogramming RTS and FC fibroblasts

RTS individuals and their parents provided informed consent to participate in an institutional

review board-approved study at Baylor College of Medicine (Houston, TX). Sequence analysis

of the RECQL4 gene was performed by Baylor Genetics laboratories (Houston, TX) and con-

firmed the pathogenic variants in subjects used in this study. Fibroblasts were isolated from

skin biopsies from two RTS patients and two first-degree relatives and reprogrammed to

iPSCs by transducing Sendai viruses (SeV) expressing the four reprogramming factors OCT4,

SOX2, KLF4, and MYC (CytoTune-iPS 2.0 Sendai Reprogramming Kit, Thermo Fisher Scien-

tific, A16517) according to the manufacturer’s protocol. The reprogrammed cells were main-

tained in hESC media (KnockOut DMEM/F12 (Thermo Fisher Scientific, 12660012)

containing 20% (vol/vol) KnockOut Serum Replacement (Thermo Fisher Scientific), L-gluta-

mine, non-essential amino acids, β-mercaptoethanol, penicillin/streptomycin, and bFGF). At

3–4 weeks post-induction, individual clones with hESC/iPSC morphology and positive TRA-

1-81 staining were selected, passaged on irradiated mouse embryonic fibroblasts (MEFs), and

maintained for 10–15 passages. Clones were examined for loss of SeV by genomic DNA PCR

using specific primers targeting SeV (5’-GGATCACTAGGTGATATCGAGC-3’ and 5’-AT

GCACCGCTACGACGTGAGCGC-3’), SOX2 (5’-ATGCACCGCTACGACGTGAGCGC-3’

and 5’-AATGTATCGAAGGTGCTCAA-3’), and KLF4 (5’-TTCCTGCATGCCAGAGGAG

CCC-3’ and 5’-AATGTATCGAAGGTGCTCAA-3’).

Teratoma formation assay

Teratoma formation assay was performed as described previously [41]. H&E staining for his-

tology was performed by Histowiz (Brooklyn, NY).

In vitro differentiation of iPSCs to MSCs

In vitro differentiation of iPSCs from RTS individuals and unaffected family members to

MSCs was performed by a defined optimized MSC differentiation protocol described previ-

ously [27]. Briefly, 80% confluent iPSCs were cultured in StemMACS iPSC-Brew XF medium

(Miltenyi Biotec, 130-104-368) supplemented with 10 μM TGFβ inhibitor SB-431542 (Milli-

poreSigma, S4317) in Matrigel-coated plates at 37˚C and 7.5% CO2 and passaged at 80–90%

confluence by Accutase cell detachment solution (StemCell Technology, 07922). After 25 days

in culture, cells at the edge of differentiated cell clusters became spindle-shaped. These differ-

entiated cells were trypsinized into single cells and maintained in gelatin-coated plates using

modified human ESC-MSC medium (KnockOut DMEM/F-12 supplemented with 10%

KnockOut Serum Replacement, L-glutamine, non-essential amino acids, β-mercaptoethanol,

20 ng/ml bFGF2, 10ng/ml EGF, 10 μM SB-431542, and penicillin/streptomycin). The medium

was changed daily. When cells reached 80–90% confluence, cells were passaged at a 1 to 3 ratio
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for three weeks. The MSCs were characterized by staining for MSC surface markers CD44,

CD73, and CD105.

Osteogenic differentiation and ARS staining

Osteogenic differentiation was carried out based on previously described protocols [17,18,40].

MSCs were seeded at a density of 3 × 105 cells/per well in a 6-well dish and cultured in osteo-

blast differentiation medium (αMEM supplemented with 10mM β glycerol phosphate, 2%

penicillin/streptomycin, 200μM ascorbic acid, and 10% FBS). The medium was changed every

three days. Differentiated osteoblasts were fixed in ice-cold 70% ethanol at room temperature

for 2 h, washed with tap water, and stained by ARS solution (0.02g/ml alizarin red S, pH 4.1–

4.3) for 30 min. Stained osteoblasts were imaged under a Leica DMi8 microscope.

qRT-PCR

qRT-PCR was performed as described previously [41]. PCR primers used to detect gene

expression included NANOG (5’-TTTGTGGGCCTGAAGAAAACT-3’ and 5’-AGGGC

TGTCCTGAATAAGCAG-3’), OCT4 (5’-AACCTGGAGTTTGTGCCAGGGTTT-3’ and

5’-TGAACTTCACCTTCCCTCCAACCA-3’), SOX2 (5’-AGAAGAGGAGAGAGAAAGAA

AGGGAGAGA-3’ and 5’-GAGAGAGGCAAACTGGAATCAGGATCAAA-3’), COL1A1
(5’-GAGGGCCAAGACGAAGACATC-3’ and 5’-CAGATCACGTCATCGCACAAC-3’),

IGF2 (5’-GTGGCATCGTTGAGGAGTG-3’ and 5’-CACGTCCCTCTCGGACTTG-3’),

CLEC3B (5’-CCCAGACGAAGACCTTCCAC-3’ and 5’-CGCAGGTACTCATACAGGG

C-3’), NDUFA7 (5’-TGCAGCTACGCTACCAGGA-3’ and 5’-GAGCTTGTGGCTAGGAC

CC-3’), NDUFB1 (5’- GTCCCTATGGGATTTGTCATTGG-3’ and 5’- CAGTTAGCCGTT

CATCACTCTT-3’), NDUFB2 (5’-GGAGGCCGCCTTTTCAGAA-3’ and 5’-GGAAGGATC

AGGATACGGAAAGT-3’), NDUFS8 (5’-CCATCAACTACCCGTTCGAGA-3’ and 5’-CCG

CAGTAGATGCACTTGG-3’), and internal control GAPDH (5’-CCACTCCTCCACCTTT

GAC-3’ and 5’-ACCCTGTTGCTGTAGCCA-3’).

In vitro AIG assay

In vitro AIG assay was described previously [17]. Briefly, RTS, FC, and WT iPSC-derived

MSCs were differentiated into osteoblasts. 1 × 104 differentiating osteoblasts (D7) were resus-

pended in osteoblast differentiation medium with 0.4%–0.5% LMP agarose. The cell suspen-

sions were then plated in 12-well plates containing solidified 0.8% agarose in osteoblast

differentiation medium. Osteoblasts were maintained in osteoblast differentiation medium for

1.5 months with medium changes every 3 days. Colonies (considered to have a

diameter� 50 μm) were counted under a Leica DMi8 microscope.

Immunofluorescence staining and immunoblotting

Immunofluorescence staining and immunoblotting was described previously [41–43]. Anti-

bodies used in this study included NANOG (R&D Systems, AF1997), OCT4 (Santa Cruz, SC-

9081), TRA-1-81-Alexa Fluor 555-conjugated (R&D Systems, FAB3195A), SSEA4-PE conju-

gated (R&D Systems, FA1435P-025), CD44 (BD PharMingen, 559942), CD73 (BD PharMin-

gen, 550257), CD105 (eBioscience, 12–1057), RECQL4 (MilliporeSigma, SAB1410002),

NDUFA7 (ABclonal Science, A8441), NDUFS8 ABclonal Science, A13034), STK39 (ABclonal

Science, A2275), EREG (ABclonal Science, A16372), ERK1/2 (Cell Signaling, 4695), phospho-

ERK1/2 (Cell Signaling, 9101), and ACTIN (MilliporeSigma, A2228) antibodies.
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RNA-seq, GSEA, and enrichment map analysis

iPSC-derived MSCs and osteoblasts were lysed and RNA samples were prepared by Trizol

RNA isolation reagent (Thermo Fisher Scientific, 15596026). RNA-sequencing (RNA-seq) was

performed by BGI Genomics (Cambridge, MA) and UTHealth Cancer Genomics Center

(Houston, TX). All RNA-seq data analyses were performed using Galaxy Community Hub to

calculate FPKM (Fragments Per Kilobase of transcript per Million) as described previously

[17]. Differential gene expression was analyzed by DESeq2 [44]. Gene Set Enrichment Analysis

(GSEA) was employed to analyze differentially regulated Gene Ontology biological processes

(GO_BPs), Kyoto Encyclopedia of Gene and Genomes (KEGG) pathways, Reactome, onco-

genic signatures, and transcription factor targets (TFTs) [45]. Differences in gene sets were

considered significant if p-value <0.05 and FDR q-value <0.25. Enrichment map analysis was

performed to analyze enriched GO_BPs in osteosarcoma tissues using a published osteosar-

coma microarray dataset (GSE36001) [46].

Cell proliferation assay

RTS and FC osteoblasts were seeded in flat bottom 96-well plates (Corning, 3598) at a density

of 3,000 cells per well and cultured in 200 μl osteoblast differentiation medium with or without

IACS-010759 (dissolved in DMSO) for 3 days. Cell viability upon IACS-010759 treatment was

examined by PrestoBlue cell viability reagent (Thermo Fisher Scientific, A13262) following the

manufacturer’s instructions. The quantitative measure of viability was read by absorbance at

570 nm.

Sequencing data processing and variant calling

WES of RTS fibroblasts and RTS-B2 and RTS-B3 iPSCs was performed using Novogene

exome hybridization protocol followed by barcoding and sequencing of paired-end 150-bp

reads on an Illumina NovaSeq 6000 instrument (Illumina Inc., San Diego, CA). Trim Galore!

(Version 0.6.6) was then applied for adapter and quality trimming to the FastQ files (DOI:

https://doi.org/10.14806/ej.17.1.200). Sequencing reads mapping to the human genome

(GRCh38/hg38), initial variant calling and quality filtration were performed using the best

practices in BWA-GATK4 (v4.2.2.0) pipeline with the tumor-only mode on [47,48]. Single

nucleotide variants were detected using MuTect2 [49], while indels were not interrogated

given the high rates of false-positive calls. Additional filters were applied to eliminate false-pos-

itive somatic variant calls: 1) read depth lower than 25th percentile of the sequencing coverage

[50], 2) read depth higher than 75th percentile of the sequencing coverage [51], 3) present in

dbSNP [52]. Functional annotation of the remaining somatic variants was carried out using

ANNOVAR (v0.4.0.0) [53].

Cell cycle analysis

G0/G1, G2, and S-phase cells were stained with PI, examined by the BD flow cytometer, and

analyzed by FlowJo as previously described [54].

Reactive oxygen species assay

Intracellular oxidation of osteoblasts was assayed by measuring the conversion of DCFH to

DCF using the Reactive Oxygen Species (ROS) Fluorometric Assay Kit (Elabscience,

E-BC-K138-F) according to the manufacturer’s instructions. In short, DCFH-DA was added

to osteoblasts and incubated for 1 h, then fluorescence of DCF was measured at 525nm using

TECAN Infinite M Plex multimode microplate reader.
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Senescence staining

Senescent cells were measured using the Senescence β-Galactosidase Staining Kit (Cell Signal-

ing Technology, #9860). Osteoblasts, either treated with 100 nm IACS-010759 or DMSO for 3

days, were washed, fixed, then stained with β-Galactosidase overnight at 37˚C. The population

of β-Galactosidase positive cells was calculated by ImageJ.

Apoptotic activity assay

Apoptosis was measured via Caspase 3/7 activity using the SensoLyte Homogeneous AMC

Caspase-3/7 Assay Kit (Anaspec, AS-71118). The assay was carried out according to the manu-

facturer’s instructions. FC and RTS osteoblasts were cultured in a 6-well plate and then treated

with 100 nm IACS-010759 for 3 days. Cell lysates were incubated with Caspase 3/7’s fluoro-

genic substrate Ac- Asp-Glu-Val-Asp (DEVD) -AMC for 4 h in the dark. Fluorescence was

measured at Ex/Em = 354nm/442nm using TECAN Infinite M Plex multimode microplate

reader.

ATP detection assay

ATP levels of RTS and FC Day 24 osteoblasts were measured using the ATPlite Luminescence

Assay System (Perkin Elmer, 6016943) and following the manufacturer’s instructions. Briefly,

cell lysis was incubated with ATPlite solution containing luciferase and D-Luciferin firefly.

The ATP concentration is proportional to the emitted luminescence. The samples were incu-

bated at room temperature in the dark for 10 minutes. Luminescence was measured by

TECAN Infinite M Plex multimode microplate reader. Results were compared to the supplied

ATP standard.

Electron transport chain enzymatic assays

Electron transport chain (ETC) enzymatic activity and citrate synthase (CS) activity assays

were performed as previously described [55,56]. The total protein content of osteoblast lysates

was quantified by Bradford protein assay (Bio-Rad, 5000006) and used for normalization.

Seahorse assay

Seahorse assays (Agilent) were carried out according to the manufacturer’s protocol with mod-

ifications as described below. 30,000 osteoblasts were seeded into each well of a Seahorse cell

culture plate, with at least 4 wells per assay left blank as controls. Osteoblasts were cultured in

200 μl osteoblast differentiation medium at 37˚C for 3 days. A Seahorse assay plate was pre-

pared by incubating in water overnight and replacing with calibration medium for 4 h prior to

performing the assay. Each well in the Seahorse assay plate was filled with 180 μl of assay

medium supplemented with 10 mM pyruvate, 2 mM glutamine, 25 mM glucose, and 4 mg/ml

BSA. The tissue culture plate was then incubated at 37˚C with 0% CO2 and 0% humidity.

Assay chemicals were dissolved in the assay medium without BSA.

Assay measurements were made at baseline and every 6 min over 18 min (3 cycles each

entailing a 3-min mix and 3-min measurement). Next, IACS 010759 was injected from port A

over 30 min and measurements were made at time 0 and at 6-min intervals over 30 min (5

cycles each of 3-min mix and 3-min measurement). Lastly, 15 μM Oligomycin, 30 μM FCCP,

and 5 μM Rotenone/Antimycin A were injected for 18 min from port B. Immediately follow-

ing each assay, osteoblasts were fixed with 4% paraformaldehyde and stained with DAPI

(1:5000 in DPBS). Cell numbers were counted using a Biotek Lionheart automatic microscope

with default settings for TPP 96 well TC flat bottom plates. Nuclei were counted by
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thresholding for a minimum size of 5 μm and a maximum size of 50 μm including edge

objects. The rates of change of dissolved oxygen (OCAR) and pH (ECAR) were calculated

using the Wave software, normalized to total cell number.

Statistical analysis

Statistical analysis was performed in Prism 8.0 with a two-tailed Student’s t-test. Results are

expressed as the mean ± SEM. Difference between two groups was compared by two-tailed

unpaired Student’s t-test or ANOVA in Prism 8.0. ns, non-significant; �, p<0.05; ��, p<0.01;

and ���, p<0.001.

Supporting information

S1 Fig. Characterization of RTS and FC iPSCs. (A) In vivo teratoma formation assay demon-

strates three germ-layer differentiation abilities of RTS and FC iPSCs. Scale bar, 200 μm. (B)

PCR detection of SeV genome and transgenes indicates that RTS and FC iPSCs are footprint-

free. (C) Somatic variant analysis of RTS-B2 and RTS-B3 iPSCs suggests that limited somatic

mutations are generated during cellular reprogramming.

(TIF)

S2 Fig. Characterization of RTS and FC iPSCs, MSCs, and osteoblasts. (A) Relative cell pro-

liferation of RTS and FC iPSCs (upper panel), MSCs (middle panel), and osteoblasts (lower

panel). n = 3 biological replicates. (B) Cell cycle profiles of RTS and FC iPSCs, MSCs, and oste-

oblasts are performed using PI staining by flow cytometry. (Upper) Cell cycle profiles of RTS

iPSCs, MSCs, and osteoblasts. (Lower) Bar histogram shows the percentage of cells in the sub-

G1, G0/G1, S, and G2/M phases. n = 3 biological replicates. (C) Wound healing assay deter-

mines the cell migration ability of RTS and FC osteoblasts. Wound healing assays were per-

formed at 72 hours in RTS and FC osteoblasts. (Left) Representative phase-contrast

microscope images show the area covered by RTS and FC osteoblasts at 72 hours after wound-

ing. (Right) The cell migration rate is determined by the rate of cells moving towards the

scratched area upon time measured. n = 3 biological replicates.

(TIF)

S3 Fig. Transcriptional analysis of RTS osteoblasts and osteosarcoma. (A) Reactome analy-

sis demonstrates enrichment of multiple canonical pathways in RTS compared to FC MSCs

(D0), pre-osteoblasts (D15), and osteoblasts (D24). (B) Left, GO_BPs enriched in osteosar-

coma by EnrichmentMap analysis. Network visualization of gene sets enriched in osteosar-

coma compared with normal bone tissues and osteoblasts (p value <0.05, FDR q value <0.1)

indicates that GO_BPs involved in DNA repair, chromatin regulation, cell cycle, and mito-

chondrial ATP production and repair are enriched in osteosarcoma. The number of enriched

genes in each GO is displayed as node size, with closer distance between nodes representing

increased overlap between genes in ontologies. Enriched gene sets in osteosarcoma are dis-

played in red and enriched gene sets in bone tissues and osteoblasts in blue. Right, representa-

tive enriched gene sets (ATP synthesis coupled electron transport and respiration electron

transport chain) involved in mitochondrial ATP production are shown.

(TIF)

S4 Fig. Metabolic differences between RTS and FC osteoblasts. (A-E) Enzyme activity of

complexes I and III (A), complex II (B), complexes II and III (C), complex IV (D), and citrate

synthase (E) show no significant difference between RTS and FC osteoblasts, leaving complex

I as the only component of the electron transport chain with upregulated activity. n = 3 biolog-

ical replicates. (F) The decrease of total ATP levels is observed in RTS osteoblasts compared to
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FC osteoblasts. n = 4 biological replicates.

(TIF)

S5 Fig. Biological effects and transcriptome alterations in IACS-010759-treated RTS osteo-

blasts. (A) IACS-010759 alters RTS osteoblast cell morphology from a spindle shape to an

irregular shape. Scale bar, 100 μm. (B) Cell proliferation assay indicates that Rotenone impairs

cell proliferation of RTS and FC osteoblasts. n = 4 biological replicates. (C) ROS activity assay

demonstrates that IACS-010759 does not induce ROS production in both RTS and FC osteo-

blasts. n = 3 biological replicates. (D) Cell apoptosis assay indicates a decrease of Caspase 3/7

activities upon IACS-010759 treatment in both RTS and FC osteoblasts. n = 3 biological repli-

cates. (E) Cell cycle profiles of RTS and FC osteoblasts are performed upon IACS-010759 treat-

ment. (Upper) Cell cycle profiles of IACS-010759-treated RTS and FC osteoblasts. (Lower) Bar

histogram shows the percentage of cells in the sub-G1, G0/G1, S, and G2/M phases. n = 3 bio-

logical replicates. (F) Representative GO_BPs influenced by IACS-010759, including protein

targeting to membrane, translational initiation, positive regulation of MAPK activity, and pos-

itive regulation of cell cycle process. (G) KEGG pathway analysis confirms upregulation of

ribosome function in IACS-010759-treated RTS osteoblasts.

(TIF)

S1 Table. The mutation analysis of RTS-B2 and RTS-B3 iPSCs.

(XLSX)

Acknowledgments

The authors gratefully acknowledge John F. Hancock, Jeffrey T. Chang, Jeffrey A. Frost, Kartik

Venkatachalam, and Guang Peng for suggestions and reagents; Ta-Tara Rideau at Baylor Col-

lege of Medicine for clinical research and data management support; and UTHealth Cancer

Genomics Core for technical support. We also thank the Translational Research to AdvanCe

Therapeutics and Innovation in ONcology (TRACTION) and Institute for Applied Cancer

Science (IACS) Platforms at The University of Texas MD Anderson Cancer Center for provid-

ing IACS-010759 under an MTA. Finally, we thank the patients and families who participated

in the research to make this study possible.

Author Contributions

Conceptualization: Brittany E. Jewell, Lisa L. Wang, Dung-Fang Lee.

Formal analysis: Brittany E. Jewell, An Xu, Dandan Zhu, Mo-Fan Huang, Linchao Lu, Jun

Hyoung Park, Benny Abraham Kaipparettu, Lisa L. Wang, Dung-Fang Lee.

Funding acquisition: Holger K. Eltzschig, Zhongming Zhao, Benny Abraham Kaipparettu,

Ruiying Zhao, Lisa L. Wang, Dung-Fang Lee.

Investigation: Brittany E. Jewell, An Xu, Dandan Zhu, Mo-Fan Huang, Linchao Lu, Mo Liu,

Erica L. Underwood, Jun Hyoung Park, Huihui Fan, Julian A. Gingold, Ruoji Zhou, Jian

Tu, Zijun Huo, Ying Liu, Weidong Jin, Yi-Hung Chen, Yitian Xu, Shu-Hsia Chen, Nino

Rainusso, Nathaniel K. Berg, Danielle A. Bazer, Holger K. Eltzschig, Zhongming Zhao,

Benny Abraham Kaipparettu, Ruiying Zhao.

Resources: Christopher Vellano, Philip Jones.

Supervision: Ruiying Zhao, Lisa L. Wang, Dung-Fang Lee.

Validation: Lisa L. Wang, Dung-Fang Lee.

PLOS GENETICS Aberrant mitochondrial respiratory complex I function in RTS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009971 December 29, 2021 20 / 24

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009971.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009971.s006
https://doi.org/10.1371/journal.pgen.1009971


Writing – original draft: Brittany E. Jewell, Julian A. Gingold, Lisa L. Wang, Dung-Fang Lee.

Writing – review & editing: Lisa L. Wang, Dung-Fang Lee.

References
1. Lu L, Jin W, Liu H, Wang LL. RECQ DNA helicases and osteosarcoma. Adv Exp Med Biol. 2014;

804:129–45. https://doi.org/10.1007/978-3-319-04843-7_7 PMID: 24924172.

2. Lu L, Jin W, Wang LL. RECQ DNA Helicases and Osteosarcoma. Adv Exp Med Biol. 2020; 1258:37–

54. https://doi.org/10.1007/978-3-030-43085-6_3 PMID: 32767233.

3. Wang LL, Plon SE. Rothmund-Thomson Syndrome. In: Adam MP, Ardinger HH, Pagon RA, Wallace

SE, Bean LJH, Stephens K, et al., editors. GeneReviews((R)). Seattle (WA)1993.

4. Wang LL, Gannavarapu A, Kozinetz CA, Levy ML, Lewis RA, Chintagumpala MM, et al. Association

between osteosarcoma and deleterious mutations in the RECQL4 gene in Rothmund-Thomson syn-

drome. J Natl Cancer Inst. 2003; 95(9):669–74. https://doi.org/10.1093/jnci/95.9.669 PMID: 12734318.

5. Ajeawung NF, Nguyen TTM, Lu L, Kucharski TJ, Rousseau J, Molidperee S, et al. Mutations in

ANAPC1, Encoding a Scaffold Subunit of the Anaphase-Promoting Complex, Cause Rothmund-Thom-

son Syndrome Type 1. Am J Hum Genet. 2019; 105(3):625–30. https://doi.org/10.1016/j.ajhg.2019.06.

011 PMID: 31303264; PubMed Central PMCID: PMC6731352.

6. Hicks MJ, Roth JR, Kozinetz CA, Wang LL. Clinicopathologic features of osteosarcoma in patients with

Rothmund-Thomson syndrome. J Clin Oncol. 2007; 25(4):370–5. https://doi.org/10.1200/JCO.2006.08.

4558 PMID: 17264332.

7. Phan LM, Yeung SC, Lee MH. Cancer metabolic reprogramming: importance, main features, and

potentials for precise targeted anti-cancer therapies. Cancer Biol Med. 2014; 11(1):1–19. https://doi.

org/10.7497/j.issn.2095-3941.2014.01.001 PMID: 24738035; PubMed Central PMCID: PMC3969803.

8. Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s contributions to current concepts of cancer

metabolism. Nat Rev Cancer. 2011; 11(5):325–37. https://doi.org/10.1038/nrc3038 PMID: 21508971.

9. Pavlova NN, Thompson CB. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016; 23

(1):27–47. https://doi.org/10.1016/j.cmet.2015.12.006 PMID: 26771115; PubMed Central PMCID:

PMC4715268.

10. Ashton TM, McKenna WG, Kunz-Schughart LA, Higgins GS. Oxidative Phosphorylation as an Emerg-

ing Target in Cancer Therapy. Clin Cancer Res. 2018; 24(11):2482–90. https://doi.org/10.1158/1078-

0432.CCR-17-3070 PMID: 29420223.

11. Bonnay F, Veloso A, Steinmann V, Kocher T, Abdusselamoglu MD, Bajaj S, et al. Oxidative Metabolism

Drives Immortalization of Neural Stem Cells during Tumorigenesis. Cell. 2020; 182(6):1490–507 e19.

https://doi.org/10.1016/j.cell.2020.07.039 PMID: 32916131.

12. Denisenko TV, Gorbunova AS, Zhivotovsky B. Mitochondrial Involvement in Migration, Invasion and

Metastasis. Front Cell Dev Biol. 2019; 7:355. https://doi.org/10.3389/fcell.2019.00355 PMID:

31921862; PubMed Central PMCID: PMC6932960.

13. Gingold J, Zhou R, Lemischka IR, Lee DF. Modeling Cancer with Pluripotent Stem Cells. Trends Can-

cer. 2016; 2(9):485–94. https://doi.org/10.1016/j.trecan.2016.07.007 PMID: 27722205; PubMed Cen-

tral PMCID: PMC5050918.

14. Papapetrou EP. Patient-derived induced pluripotent stem cells in cancer research and precision oncol-

ogy. Nat Med. 2016; 22(12):1392–401. https://doi.org/10.1038/nm.4238 PMID: 27923030; PubMed

Central PMCID: PMC5233709.

15. Liu M, Tu J, Gingold JA, Kong CSL, Lee DF. Cancer in a dish: progress using stem cells as a platform

for cancer research. Am J Cancer Res. 2018; 8(6):944–54. PMID: 30034933; PubMed Central PMCID:

PMC6048395.

16. Zhu D, Kong CSL, Gingold JA, Zhao R, Lee DF. Induced Pluripotent Stem Cells and Induced Pluripotent

Cancer Cells in Cancer Disease Modeling. Adv Exp Med Biol. 2018; 1119:169–83. https://doi.org/10.

1007/5584_2018_257 PMID: 30069853.

17. Lee DF, Su J, Kim HS, Chang B, Papatsenko D, Zhao R, et al. Modeling familial cancer with induced

pluripotent stem cells. Cell. 2015; 161(2):240–54. https://doi.org/10.1016/j.cell.2015.02.045 PMID:

25860607; PubMed Central PMCID: PMC4397979.

18. Kim H, Yoo S, Zhou R, Xu A, Bernitz JM, Yuan Y, et al. Oncogenic role of SFRP2 in p53-mutant osteo-

sarcoma development via autocrine and paracrine mechanism. Proc Natl Acad Sci U S A. 2018; 115

(47):E11128–E37. https://doi.org/10.1073/pnas.1814044115 PMID: 30385632; PubMed Central

PMCID: PMC6255152.

PLOS GENETICS Aberrant mitochondrial respiratory complex I function in RTS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009971 December 29, 2021 21 / 24

https://doi.org/10.1007/978-3-319-04843-7%5F7
http://www.ncbi.nlm.nih.gov/pubmed/24924172
https://doi.org/10.1007/978-3-030-43085-6%5F3
http://www.ncbi.nlm.nih.gov/pubmed/32767233
https://doi.org/10.1093/jnci/95.9.669
http://www.ncbi.nlm.nih.gov/pubmed/12734318
https://doi.org/10.1016/j.ajhg.2019.06.011
https://doi.org/10.1016/j.ajhg.2019.06.011
http://www.ncbi.nlm.nih.gov/pubmed/31303264
https://doi.org/10.1200/JCO.2006.08.4558
https://doi.org/10.1200/JCO.2006.08.4558
http://www.ncbi.nlm.nih.gov/pubmed/17264332
https://doi.org/10.7497/j.issn.2095-3941.2014.01.001
https://doi.org/10.7497/j.issn.2095-3941.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24738035
https://doi.org/10.1038/nrc3038
http://www.ncbi.nlm.nih.gov/pubmed/21508971
https://doi.org/10.1016/j.cmet.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26771115
https://doi.org/10.1158/1078-0432.CCR-17-3070
https://doi.org/10.1158/1078-0432.CCR-17-3070
http://www.ncbi.nlm.nih.gov/pubmed/29420223
https://doi.org/10.1016/j.cell.2020.07.039
http://www.ncbi.nlm.nih.gov/pubmed/32916131
https://doi.org/10.3389/fcell.2019.00355
http://www.ncbi.nlm.nih.gov/pubmed/31921862
https://doi.org/10.1016/j.trecan.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27722205
https://doi.org/10.1038/nm.4238
http://www.ncbi.nlm.nih.gov/pubmed/27923030
http://www.ncbi.nlm.nih.gov/pubmed/30034933
https://doi.org/10.1007/5584%5F2018%5F257
https://doi.org/10.1007/5584%5F2018%5F257
http://www.ncbi.nlm.nih.gov/pubmed/30069853
https://doi.org/10.1016/j.cell.2015.02.045
http://www.ncbi.nlm.nih.gov/pubmed/25860607
https://doi.org/10.1073/pnas.1814044115
http://www.ncbi.nlm.nih.gov/pubmed/30385632
https://doi.org/10.1371/journal.pgen.1009971


19. Zhou R, Xu A, Gingold J, Strong LC, Zhao R, Lee DF. Li-Fraumeni Syndrome Disease Model: A Plat-

form to Develop Precision Cancer Therapy Targeting Oncogenic p53. Trends Pharmacol Sci. 2017; 38

(10):908–27. https://doi.org/10.1016/j.tips.2017.07.004 PMID: 28818333; PubMed Central PMCID:

PMC5752137.

20. Pang LK, Pena M, Zhao R, Lee DF. Modeling of osteosarcoma with induced pluripotent stem cells.

Stem Cell Res. 2020; 49:102006. https://doi.org/10.1016/j.scr.2020.102006 PMID: 33022533.

21. Kotini AG, Chang CJ, Boussaad I, Delrow JJ, Dolezal EK, Nagulapally AB, et al. Functional analysis of

a chromosomal deletion associated with myelodysplastic syndromes using isogenic human induced

pluripotent stem cells. Nat Biotechnol. 2015; 33(6):646–55. https://doi.org/10.1038/nbt.3178 PMID:

25798938; PubMed Central PMCID: PMC4464949.

22. Mulero-Navarro S, Sevilla A, Roman AC, Lee DF, D’Souza SL, Pardo S, et al. Myeloid Dysregulation in

a Human Induced Pluripotent Stem Cell Model of PTPN11-Associated Juvenile Myelomonocytic Leuke-

mia. Cell Rep. 2015; 13(3):504–15. https://doi.org/10.1016/j.celrep.2015.09.019 PMID: 26456833;

PubMed Central PMCID: PMC4618050.

23. Crespo M, Vilar E, Tsai SY, Chang K, Amin S, Srinivasan T, et al. Colonic organoids derived from

human induced pluripotent stem cells for modeling colorectal cancer and drug testing. Nat Med. 2017;

23(7):878–84. https://doi.org/10.1038/nm.4355 PMID: 28628110; PubMed Central PMCID:

PMC6055224.

24. Fusaki N, Ban H, Nishiyama A, Saeki K, Hasegawa M. Efficient induction of transgene-free human plu-

ripotent stem cells using a vector based on Sendai virus, an RNA virus that does not integrate into the

host genome. Proc Jpn Acad Ser B Phys Biol Sci. 2009; 85(8):348–62. https://doi.org/10.2183/pjab.85.

348 PMID: 19838014; PubMed Central PMCID: PMC3621571.

25. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibro-

blast cultures by defined factors. Cell. 2006; 126(4):663–76. https://doi.org/10.1016/j.cell.2006.07.024

PMID: 16904174.

26. Rouhani FJ, Nik-Zainal S, Wuster A, Li Y, Conte N, Koike-Yusa H, et al. Mutational History of a Human

Cell Lineage from Somatic to Induced Pluripotent Stem Cells. PLoS Genet. 2016; 12(4):e1005932.

https://doi.org/10.1371/journal.pgen.1005932 PMID: 27054363; PubMed Central PMCID:

PMC4824386.

27. Zhao Q, Gregory CA, Lee RH, Reger RL, Qin L, Hai B, et al. MSCs derived from iPSCs with a modified

protocol are tumor-tropic but have much less potential to promote tumors than bone marrow MSCs.

Proc Natl Acad Sci U S A. 2015; 112(2):530–5. https://doi.org/10.1073/pnas.1423008112 PMID:

25548183; PubMed Central PMCID: PMC4299223.

28. Fang H, Niu K, Mo D, Zhu Y, Tan Q, Wei D, et al. RecQL4-Aurora B kinase axis is essential for cellular

proliferation, cell cycle progression, and mitotic integrity. Oncogenesis. 2018; 7(9):68. https://doi.org/

10.1038/s41389-018-0080-4 PMID: 30206236; PubMed Central PMCID: PMC6134139.

29. Formosa LE, Dibley MG, Stroud DA, Ryan MT. Building a complex complex: Assembly of mitochondrial

respiratory chain complex I. Semin Cell Dev Biol. 2018; 76:154–62. https://doi.org/10.1016/j.semcdb.

2017.08.011 PMID: 28797839.

30. Brandt U. Energy converting NADH:quinone oxidoreductase (complex I). Annu Rev Biochem. 2006;

75:69–92. https://doi.org/10.1146/annurev.biochem.75.103004.142539 PMID: 16756485.

31. Molina JR, Sun Y, Protopopova M, Gera S, Bandi M, Bristow C, et al. An inhibitor of oxidative phosphor-

ylation exploits cancer vulnerability. Nat Med. 2018; 24(7):1036–46. https://doi.org/10.1038/s41591-

018-0052-4 PMID: 29892070.

32. Vangapandu HV, Alston B, Morse J, Ayres ML, Wierda WG, Keating MJ, et al. Biological and metabolic

effects of IACS-010759, an OxPhos inhibitor, on chronic lymphocytic leukemia cells. Oncotarget. 2018;

9(38):24980–91. https://doi.org/10.18632/oncotarget.25166 PMID: 29861847; PubMed Central

PMCID: PMC5982765.

33. Gupta S, De S, Srivastava V, Hussain M, Kumari J, Muniyappa K, et al. RECQL4 and p53 potentiate

the activity of polymerase gamma and maintain the integrity of the human mitochondrial genome. Carci-

nogenesis. 2014; 35(1):34–45. https://doi.org/10.1093/carcin/bgt315 PMID: 24067899.

34. Chi Z, Nie L, Peng Z, Yang Q, Yang K, Tao J, et al. RecQL4 cytoplasmic localization: implications in

mitochondrial DNA oxidative damage repair. Int J Biochem Cell Biol. 2012; 44(11):1942–51. https://doi.

org/10.1016/j.biocel.2012.07.016 PMID: 22824301; PubMed Central PMCID: PMC3461334.

35. Wang JT, Xu X, Alontaga AY, Chen Y, Liu Y. Impaired p32 regulation caused by the lymphoma-prone

RECQ4 mutation drives mitochondrial dysfunction. Cell Rep. 2014; 7(3):848–58. https://doi.org/10.

1016/j.celrep.2014.03.037 PMID: 24746816; PubMed Central PMCID: PMC4029353.

36. Davis T, Tivey HS, Brook AJ, Grimstead JW, Rokicki MJ, Kipling D. Activation of p38 MAP kinase and

stress signalling in fibroblasts from the progeroid Rothmund-Thomson syndrome. Age (Dordr). 2013; 35

PLOS GENETICS Aberrant mitochondrial respiratory complex I function in RTS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009971 December 29, 2021 22 / 24

https://doi.org/10.1016/j.tips.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28818333
https://doi.org/10.1016/j.scr.2020.102006
http://www.ncbi.nlm.nih.gov/pubmed/33022533
https://doi.org/10.1038/nbt.3178
http://www.ncbi.nlm.nih.gov/pubmed/25798938
https://doi.org/10.1016/j.celrep.2015.09.019
http://www.ncbi.nlm.nih.gov/pubmed/26456833
https://doi.org/10.1038/nm.4355
http://www.ncbi.nlm.nih.gov/pubmed/28628110
https://doi.org/10.2183/pjab.85.348
https://doi.org/10.2183/pjab.85.348
http://www.ncbi.nlm.nih.gov/pubmed/19838014
https://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
https://doi.org/10.1371/journal.pgen.1005932
http://www.ncbi.nlm.nih.gov/pubmed/27054363
https://doi.org/10.1073/pnas.1423008112
http://www.ncbi.nlm.nih.gov/pubmed/25548183
https://doi.org/10.1038/s41389-018-0080-4
https://doi.org/10.1038/s41389-018-0080-4
http://www.ncbi.nlm.nih.gov/pubmed/30206236
https://doi.org/10.1016/j.semcdb.2017.08.011
https://doi.org/10.1016/j.semcdb.2017.08.011
http://www.ncbi.nlm.nih.gov/pubmed/28797839
https://doi.org/10.1146/annurev.biochem.75.103004.142539
http://www.ncbi.nlm.nih.gov/pubmed/16756485
https://doi.org/10.1038/s41591-018-0052-4
https://doi.org/10.1038/s41591-018-0052-4
http://www.ncbi.nlm.nih.gov/pubmed/29892070
https://doi.org/10.18632/oncotarget.25166
http://www.ncbi.nlm.nih.gov/pubmed/29861847
https://doi.org/10.1093/carcin/bgt315
http://www.ncbi.nlm.nih.gov/pubmed/24067899
https://doi.org/10.1016/j.biocel.2012.07.016
https://doi.org/10.1016/j.biocel.2012.07.016
http://www.ncbi.nlm.nih.gov/pubmed/22824301
https://doi.org/10.1016/j.celrep.2014.03.037
https://doi.org/10.1016/j.celrep.2014.03.037
http://www.ncbi.nlm.nih.gov/pubmed/24746816
https://doi.org/10.1371/journal.pgen.1009971


(5):1767–83. https://doi.org/10.1007/s11357-012-9476-9 PMID: 23001818; PubMed Central PMCID:

PMC3776094.

37. Lin YH, Jewell BE, Gingold J, Lu L, Zhao R, Wang LL, et al. Osteosarcoma: Molecular Pathogenesis

and iPSC Modeling. Trends Mol Med. 2017; 23(8):737–55. https://doi.org/10.1016/j.molmed.2017.06.

004 PMID: 28735817; PubMed Central PMCID: PMC5558609.

38. Choesmel V, Fribourg S, Aguissa-Toure AH, Pinaud N, Legrand P, Gazda HT, et al. Mutation of ribo-

somal protein RPS24 in Diamond-Blackfan anemia results in a ribosome biogenesis disorder. Hum Mol

Genet. 2008; 17(9):1253–63. https://doi.org/10.1093/hmg/ddn015 PMID: 18230666.

39. Chae H, Park J, Lee S, Kim M, Kim Y, Lee JW, et al. Ribosomal protein mutations in Korean patients

with Diamond-Blackfan anemia. Exp Mol Med. 2014; 46:e88. https://doi.org/10.1038/emm.2013.159

PMID: 24675553; PubMed Central PMCID: PMC3972785.

40. Zhou R, Xu A, Tu J, Liu M, Gingold JA, Zhao R, et al. Modeling Osteosarcoma Using Li-Fraumeni Syn-

drome Patient-derived Induced Pluripotent Stem Cells. J Vis Exp. 2018;(136). https://doi.org/10.3791/

57664 PMID: 29985349; PubMed Central PMCID: PMC6101728.

41. Jewell BE, Liu M, Lu L, Zhou R, Tu J, Zhu D, et al. Generation of an induced pluripotent stem cell line

from an individual with a heterozygous RECQL4 mutation. Stem Cell Res. 2018; 33:36–40. https://doi.

org/10.1016/j.scr.2018.10.003 PMID: 30312871; PubMed Central PMCID: PMC6317900.

42. Lee DF, Su J, Ang YS, Carvajal-Vergara X, Mulero-Navarro S, Pereira CF, et al. Regulation of embry-

onic and induced pluripotency by aurora kinase-p53 signaling. Cell Stem Cell. 2012; 11(2):179–94.

https://doi.org/10.1016/j.stem.2012.05.020 PMID: 22862944.

43. Lee DF, Kuo HP, Chen CT, Hsu JM, Chou CK, Wei Y, et al. IKK beta suppression of TSC1 links inflam-

mation and tumor angiogenesis via the mTOR pathway. Cell. 2007; 130(3):440–55. https://doi.org/10.

1016/j.cell.2007.05.058 PMID: 17693255.

44. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data

with DESeq2. Genome Biol. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:

25516281; PubMed Central PMCID: PMC4302049.

45. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment

analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl

Acad Sci U S A. 2005; 102(43):15545–50. https://doi.org/10.1073/pnas.0506580102 PMID: 16199517;

PubMed Central PMCID: PMC1239896.

46. Merico D, Isserlin R, Stueker O, Emili A, Bader GD. Enrichment map: a network-based method for

gene-set enrichment visualization and interpretation. PLoS One. 2010; 5(11):e13984. https://doi.org/

10.1371/journal.pone.0013984 PMID: 21085593; PubMed Central PMCID: PMC2981572.

47. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A framework for variation dis-

covery and genotyping using next-generation DNA sequencing data. Nat Genet. 2011; 43(5):491–8.

https://doi.org/10.1038/ng.806 PMID: 21478889.

48. Doi A, Park IH, Wen B, Murakami P, Aryee MJ, Irizarry R, et al. Differential methylation of tissue- and

cancer-specific CpG island shores distinguishes human induced pluripotent stem cells, embryonic stem

cells and fibroblasts. Nat Genet. 2009; 41(12):1350–3. https://doi.org/10.1038/ng.471 PMID:

19881528.

49. Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D, Sougnez C, et al. Sensitive detection of

somatic point mutations in impure and heterogeneous cancer samples. Nat Biotechnol. 2013; 31

(3):213–9. https://doi.org/10.1038/nbt.2514 PMID: 23396013.

50. Sukhai MA, Misyura M, Thomas M, Garg S, Zhang T, Stickle N, et al. Somatic Tumor Variant Filtration

Strategies to Optimize Tumor-Only Molecular Profiling Using Targeted Next-Generation Sequencing

Panels. J Mol Diagn. 2019; 21(2):261–73. https://doi.org/10.1016/j.jmoldx.2018.09.008 PMID:

30576869.

51. Kwon EM, Connelly JP, Hansen NF, Donovan FX, Winkler T, Davis BW, et al. iPSCs and fibroblast sub-

clones from the same fibroblast population contain comparable levels of sequence variations. Proc Natl

Acad Sci U S A. 2017; 114(8):1964–9. https://doi.org/10.1073/pnas.1616035114 PMID: 28167771;

PubMed Central PMCID: PMC5338363.

52. Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al. dbSNP: the NCBI database of

genetic variation. Nucleic Acids Res. 2001; 29(1):308–11. https://doi.org/10.1093/nar/29.1.308 PMID:

11125122; PubMed Central PMCID: PMC29783.

53. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-through-

put sequencing data. Nucleic Acids Res. 2010; 38(16):e164. https://doi.org/10.1093/nar/gkq603 PMID:

20601685.

54. Darzynkiewicz Z, Juan G, Bedner E. Determining cell cycle stages by flow cytometry. Curr Protoc Cell

Biol. 2001;Chapter 8:Unit 8 4. https://doi.org/10.1002/0471143030.cb0804s01 PMID: 18228389.

PLOS GENETICS Aberrant mitochondrial respiratory complex I function in RTS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009971 December 29, 2021 23 / 24

https://doi.org/10.1007/s11357-012-9476-9
http://www.ncbi.nlm.nih.gov/pubmed/23001818
https://doi.org/10.1016/j.molmed.2017.06.004
https://doi.org/10.1016/j.molmed.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28735817
https://doi.org/10.1093/hmg/ddn015
http://www.ncbi.nlm.nih.gov/pubmed/18230666
https://doi.org/10.1038/emm.2013.159
http://www.ncbi.nlm.nih.gov/pubmed/24675553
https://doi.org/10.3791/57664
https://doi.org/10.3791/57664
http://www.ncbi.nlm.nih.gov/pubmed/29985349
https://doi.org/10.1016/j.scr.2018.10.003
https://doi.org/10.1016/j.scr.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30312871
https://doi.org/10.1016/j.stem.2012.05.020
http://www.ncbi.nlm.nih.gov/pubmed/22862944
https://doi.org/10.1016/j.cell.2007.05.058
https://doi.org/10.1016/j.cell.2007.05.058
http://www.ncbi.nlm.nih.gov/pubmed/17693255
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1371/journal.pone.0013984
http://www.ncbi.nlm.nih.gov/pubmed/21085593
https://doi.org/10.1038/ng.806
http://www.ncbi.nlm.nih.gov/pubmed/21478889
https://doi.org/10.1038/ng.471
http://www.ncbi.nlm.nih.gov/pubmed/19881528
https://doi.org/10.1038/nbt.2514
http://www.ncbi.nlm.nih.gov/pubmed/23396013
https://doi.org/10.1016/j.jmoldx.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30576869
https://doi.org/10.1073/pnas.1616035114
http://www.ncbi.nlm.nih.gov/pubmed/28167771
https://doi.org/10.1093/nar/29.1.308
http://www.ncbi.nlm.nih.gov/pubmed/11125122
https://doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
https://doi.org/10.1002/0471143030.cb0804s01
http://www.ncbi.nlm.nih.gov/pubmed/18228389
https://doi.org/10.1371/journal.pgen.1009971


55. Chen CJ, Sgritta M, Mays J, Zhou H, Lucero R, Park J, et al. Therapeutic inhibition of mTORC2 rescues

the behavioral and neurophysiological abnormalities associated with Pten-deficiency. Nat Med. 2019;

25(11):1684–90. https://doi.org/10.1038/s41591-019-0608-y PMID: 31636454; PubMed Central

PMCID: PMC7082835.

56. Ma Y, Bai RK, Trieu R, Wong LJ. Mitochondrial dysfunction in human breast cancer cells and their

transmitochondrial cybrids. Biochim Biophys Acta. 2010; 1797(1):29–37. https://doi.org/10.1016/j.

bbabio.2009.07.008 PMID: 19647716; PubMed Central PMCID: PMC2787670.

PLOS GENETICS Aberrant mitochondrial respiratory complex I function in RTS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009971 December 29, 2021 24 / 24

https://doi.org/10.1038/s41591-019-0608-y
http://www.ncbi.nlm.nih.gov/pubmed/31636454
https://doi.org/10.1016/j.bbabio.2009.07.008
https://doi.org/10.1016/j.bbabio.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19647716
https://doi.org/10.1371/journal.pgen.1009971

