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Abstract

Previously, we have described our feeder-free, xeno-free approach to generate megakaryo-

cytes (MKs) in culture from human induced pluripotent stem cells (iPSCs). Here, we focus

specifically on the integrity of these MKs using: (1) genotype discordance between parent

cell DNA to iPSC cell DNA and onward to the differentiated MK DNA; (2) genomic structural

integrity using copy number variation (CNV); and (3) transcriptomic signatures of the derived

MK lines compared to the iPSC lines. We detected a very low rate of genotype discordance;

estimates were 0.0001%-0.01%, well below the genotyping error rate for our assay (0.37%).

No CNVs were generated in the iPSCs that were subsequently passed on to the MKs. Fi-

nally, we observed highly biologically relevant gene sets as being upregulated in MKs rela-

tive to the iPSCs: platelet activation, blood coagulation, megakaryocyte development,

platelet formation, platelet degranulation, and platelet aggregation. These data strongly sup-

port the integrity of the derived MK lines.

Introduction

Platelet aggregation on ruptured or eroded atherosclerotic plaques initiates arterial thrombosis

and subsequently leads to acute ischemic syndromes such as myocardial infarction, stroke,

and peripheral arterial occlusions [1]. We previously reported that platelet aggregation at base-

line as well as after low dose aspirin are moderately to highly heritable [2] in both African

Americans and European Americans. Using traditional genome-wide association approaches

in families at increased risk for premature coronary artery disease (CAD) we successfully iden-

tified several common variants influencing platelet aggregation [3–6]. Cumulatively, these

common variants account for only a fraction (<35%) of the total trait heritability observed in

these families [2, 7]. Furthermore, all of these variants appear to be intronic or intergenic and

their mechanism of action is not understood.

PLOS ONE | DOI:10.1371/journal.pone.0167794 January 20, 2017 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Kammers K, Taub MA, Ruczinski I, Martin

J, Yanek LR, Frazee A, et al. (2017) Integrity of

Induced Pluripotent Stem Cell (iPSC) Derived

Megakaryocytes as Assessed by Genetic and

Transcriptomic Analysis. PLoS ONE 12(1):

e0167794. doi:10.1371/journal.pone.0167794

Editor: Atsushi Asakura, University of Minnesota

Medical Center, UNITED STATES

Received: July 13, 2016

Accepted: November 20, 2016

Published: January 20, 2017

Copyright: © 2017 Kammers et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: In accordance with

the consents signed by the GeneSTAR subjects,

our data are deposited into dbGaP (phs001074.v1.

p1) for access.

Funding: This work was supported by NHLBI

projects U01 HL72518-05, U01 HL107446 and

R01HL112064. KK and MAT were supported from

R01 GM105705. KK was also partly supported by

the German Research Foundation (KA 3884/1-1).

Competing Interests: The authors have declared

that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0167794&domain=pdf&date_stamp=2017-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0167794&domain=pdf&date_stamp=2017-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0167794&domain=pdf&date_stamp=2017-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0167794&domain=pdf&date_stamp=2017-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0167794&domain=pdf&date_stamp=2017-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0167794&domain=pdf&date_stamp=2017-01-20
http://creativecommons.org/licenses/by/4.0/


Despite major advances in our understanding of the potential regulatory role of non-coding

DNA variants from a variety of consortia efforts, there is a lack of relevant ‘target’ tissue perti-

nent to platelet aggregation (i.e. platelets and megakaryocytes (MKs)) in these public catalogs

[8, 9]. Pilot data by the GTEx (Genotype-Tissue Expression) project [10] on RNA sequencing

data from 1641 samples across 43 tissues confirms that the specificity or commonality of

expression quantitative trait loci (eQTLs) among tissues and cell types [11, 12] yields valuable

insights into differential genetic regulation among tissues that is of biological significance.

With respect to the platelet aggregation phenotype, platelets are by themselves anucleate cells

that have a limited life span (7–10 days) and capacity for de novo protein translation [13].

They are generated from bone marrow MKs from which they obtain messenger RNA. There-

fore, MKs are a critical ‘target tissue’ relevant to our interrogation of platelet aggregation

because they are relevant to understanding the regulation of transcript and protein levels ulti-

mately observed in platelets.

Megakaryocytes are difficult to obtain in sufficient numbers from large numbers of subjects

because they reside in bone marrow that is only available by invasive bone marrow sampling

techniques. Furthermore, the level of megakaryocytes is exceedingly low (<0.01%) in bone

marrow [14] increasing the difficulty in accessing this specific target cell type with traditional

RNA sequencing approaches. This is a major limitation in the analysis of large numbers of

study subjects with platelet relevant phenotypes such as platelet aggregation and responsive-

ness to aspirin therapy where the target tissue includes platelets and the precursor megakaryo-

cyte. To overcome this barrier, we generated induced pluripotent stem cells (iPSCs) from

peripheral blood mononuclear cells on N = 250 subjects and subsequently differentiated these

iPSCs into MKs. The details of the experimental approach for producing MKs from iPSCs

have been described in detail elsewhere [15]. In this work we extend the prior analysis of the

iPSC-derived MKs looking specifically at the integrity of the derived cells from a genetic

(structural variation in the genome of the iPSC and MK relative to the donor MNC) and tran-

scriptomic perspective (looking at gene set enrichment accounting for the differential expres-

sion by direction between the iPSC and MKs). In future work, these MKs will serve as a

substrate through which we hope to better understand the genetic determinants of transcript

regulation in MKs and ultimately understand the genetic determinants of platelet aggregation.

Results

Genotype Integrity of iPSC Derived MKs

The identity by descent (IBD) analysis (Fig 1A) indicates that all pairs of cell lines (donor

MNC, iPSC and MK pairs as summarized in S1 Table) within any single subject have a Z2�1

and a Z1�Z0�0 where Z2, Z1 and Z0 are the probabilities of sharing 2, 1, and 0 alleles identi-

cal by descent between the pair, respectively. This suggests that all DNA samples within a

single subject are essentially identical. All DNA samples between subjects have Z2 <<1 sug-

gesting essentially an ‘unrelated’ status.

The direct genotype concordance estimates between pairs of cell types within a subject (S2

Table) indicate a very low rate of discordance; estimates range from 0.0001%-0.01% which are

far below the genotyping error rate (0.37%), and are most likely due to genotyping error. As an

additional measure, we evaluated the occurrence of a discordancy from the original iPSC line

that may have then been passed from the iPSC to the derived MK cells (S2 Table). Here too,

rates are very low (0–8 discordant genotypes were passed from original iPSC➜MK). Assuming

that these ‘transmitted’ discordant genotypes reflect a true mutation and not a genotyping

error (because they appear to have occurred in the iPSC and then seem to pass along to the

resulting MK), we estimated this ‘mutation rate’ to be 0–0.0008% or ~1 in 10−6 which appears

Integrity of Induced Pluripotent Stem Cell (iPSC) Derived Megakaryocytes

PLOS ONE | DOI:10.1371/journal.pone.0167794 January 20, 2017 2 / 16



to be within the normal expected mutation rate occurring during cell division. We should

highlight the caveat that the discordancy may be due to a genotyping error in the parent

MNC, and therefore while our estimates may be upwardly biased they are still well within

expectation.

Genomic Structural Integrity of the iPSC Derived MKs

On average we observe 3.0 copy number variation (CNV) differences between the paired

donor MNC➜iPSC (i.e. CNV not called in the MNC but called in the iPSC), and 1.3 CNV dif-

ferences between paired iPSC➜MK (i.e. CNV not called in the iPSC but called in the MK).

However, all of these observed differences appear to have been due to false positive identifica-

tions in the transformed cells, or false negative identifications in pre-transformed cells (see

S1 and S2 Figs). Any CNVs observed in the original donor DNA were also observed in the

respective iPSCs and MKs (see S3 Fig). The only exception was a real CNV in an MK line that

was not present in parent DNA or iPSC DNA: a complete duplication of the long arm of chro-

mosome 1 (Fig 1B) that was detectable and replicated by the RNA-sequencing data below.

Transcriptomic Integrity of the iPSC derived MKs

Overview of RNA-sequencing data. We detected 782,988 assembled transcripts in the 56

total RNA-sequencing datasets of which we retained 33,287 transcripts with FPKM interquar-

tile range across all 56 RNA-sequencing samples larger than 1. To obtain an overview of the

data structure of the 56 RNA-sequencing data sets, the raw data was filtered as described above

and used for a principal component analysis (PCA). Visualization of the data along the first

two principal components (PC) indicated two distinct clusters. Labeling the PC scores by cell

type (Fig 2, left panel) reveals that cell type (iPSC vs MK) is highly associated with this first PC

and thus explains most of the expression variation in this data set. We observe here that vari-

ability within the 28 iPSC samples is considerably lower than that within the 28 MK samples.

The scores of the first two PCs do not show apparent patterns for sequencing batch or lane

(Fig 2, right panel).

Fig 1. Genetic and genomic structural integrity of iPSC derived MK cells. [A] IBD analysis for all cell line

pairs across 6 subjects and [B] CNV analysis showing a full duplication of the long arm of chromosome 1 in

one MK cell line (MP030A). In Panel A pairs representing DNA from donor MNC, iPSC or MKs within a single

subject are represented in color, pairs representing DNA from donor MNC, iPSC or MKs between subjects are

represented in black and Z0,Z1,Z2 = probability of sharing 0,1 and 2 alleles IBD, respectively. In Panel B,

LRR = Log R Ratio and BAF = B Allele Frequency. The full duplication of the long arm of chromosome 1 is

highlighted in the red box.

doi:10.1371/journal.pone.0167794.g001
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Differential Expression

To account for the fact that each of 14 subjects included in the transcriptomic analysis (see S1

Table) has paired iPSC-MK measurements, and that each iPSC and MK sample has two tech-

nical replicates (referred to as A and B lines), the outcome variable for differential expression

analysis for each of the N = 14 subjects was the average of their two expression differences

(average of iPSCA-MKA and iPSCB-MKB for paired samples). This is defined in detail in Fig

3. For each transcript, we tested whether the mean of the expression differences across 14 sub-

jects accounting for the technical duplicates was statistically different from zero. PCA analysis

of the data set reveals that the first two PCs account for 47.1% and 13.0% of the variation,

respectively (S4 Fig). Since the subject size of 14 is relatively small and adjusting for several

covariates would lead to a decrease in power to detect differentially expressed transcripts, we

adjusted for the first two principal components and used moderated t-statistics for inference

(see Eq (1)). Since the first two principal components account for a large fraction of the vari-

ability in the data, adjusting for PCs rather than explicitly adjusting for traditional confounders

like age, sex and batch, passage number, as well as the percent CD41+CD42a+ megakaryoblasts

in the MK cell pellet, allowed us to control for potential confounders while keeping the reduc-

tion in power to detect our signal of interest at a minimum. That is, if one of these confound-

ing factors contributes to a large fraction of the variability of our data (and hence could have a

large effect on the outcome measurement of interest) it will be controlled for by including the

PCs in the model, while if the factor does not contribute to variability in the data, we do not

pay a penalty in power by including it in the linear model unnecessarily.

For this differential expression analysis we consider directionality of transcript differences

between iPSC and MK cell lines. Among the 33,287 transcripts, we identified 15,284 tran-

scripts that were statistically significantly up-regulated in MKs compared to iPSCs and 17,555

Fig 2. Principal component analysis (PCA). The principal component (PC) score plots show the relationship between cell type (induced pluripotent stem

cell (iPSC) or megakaryocyte (MK), left panel), and batch and lane (right panel) in terms of PC1 (x-axis) and PC2 (y-axis) from a PCA of 33,287 transcripts

with FPKM interquartile range larger than 1. Cell type is highly associated with PC1 and thus cell type explains most of the expression variation in this data set.

The scores of the first two PCs do not show apparent patterns for batch and lane.

doi:10.1371/journal.pone.0167794.g002
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transcripts that were statistically significantly down-regulated at a false discovery rate (FDR) of

5%. A volcano plot and histograms of p-values separated by directionality of the fold change

between iPSCs and MKs illustrate the large number of differentially expressed transcripts (S5

Fig). Full sets of gene lists that were differentially expressed are presented in S3 and S4 Tables

and are available for download.

Gene set Enrichment

We performed pathway analysis using gene set enrichment analysis, first splitting the differen-

tial expression results into two subsets depending on the directionality of transcript differences

between iPSC and MK cell lines. Using the ‘biological process’ ontology, we detected 94 gene

sets at an FDR of 5% (q< 0.05) showing enrichment for genes that were up-regulated in MKs

compared to iPSCs (Table 1 lists those with a q< 0.001). Among these 94, we identified the

following biologically relevant gene sets: “platelet activation” (GO:0030168), “inflammatory

response” (GO:0006954), “megakaryocyte development” (GO:0035855), “platelet formation”

Fig 3. RNA-sequencing analysis pipeline. Reads of 28 iPSC samples and 28 MK samples (each 14

subjects with 2 technical replicates) were analyzed using the standard steps in the Tuxedo pipeline until the

Cuffmerge step, after which Tablemaker was used to calculate per sample FPKMs. These results were loaded

into R using the Ballgown package. Transcripts with FPKM interquartile range smaller than 1 were excluded.

After logarithmic transformation of the transcript expression data set, differences between paired iPSC and MK

samples were calculated and measurements were averaged for technical replicates. Differences in transcript

expression between MK and iPSC samples was measured in a linear model framework with adjustments for

the first two principal components of the expression data.

doi:10.1371/journal.pone.0167794.g003
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(GO:0030220), “platelet degranulation” (GO:0002576), “platelet aggregation” (GO:0070527),

“regulation of cell proliferation” (GO:0042127), and “immune response” (GO:0006955). At a

FDR threshold of 5%, we identified 15 gene sets that are enriched among genes that were

down-regulated in MKs compared to iPSCs (Table 2).

RNA-Sequencing Validation of CNVs Found

We observed a duplication of the q-arm of chromosome 1 for technical replicate “A” of subject

MP030 in the CNV analysis described above. As a novel extension to our analysis approaches

to CNV detection, we investigated first if the large duplication could be detected using the

transcriptome data and second, if this duplication affected the downstream GO results derived

from observed differential transcript expression. To this end, we first investigated transcript

expression for the two MK lines A and B of subject MP030, where only the A line had the aber-

rant duplication but the B line appeared normal as compared to the parent DNA from the

MNC. Fig 4 shows log2 fold change between the two lines versus the genomic location. The

green line indicates the mean log2 fold change for transcripts of the q-arm, highlighting the

fact that transcripts in technical replicate A are more highly expressed than in technical repli-

cate B, although we note that the mean fold-change is well below 2. The mean log2 fold change

for transcripts of the p-arm (red) is drawn as reference. We also conducted a sensitivity analy-

sis, in which we excluded replicate A of subject MP030 (and its corresponding iPSC partner)

Table 1. Significant GO groups for transcripts with higher expression in MKs compared to iPSCs.

GO.ID Term Annotated Significant Expected p-value q-value

GO:0008150 biological_process 6357 6301 6256.06 <0.0001 <0.0001

GO:0008152 metabolic process 4998 4950 4918.64 <0.0001 <0.0001

GO:0007165 signal transduction 2262 2242 2226.08 <0.0001 <0.0001

GO:0030168 platelet activation 172 172 169.27 <0.0001 <0.0001

GO:0045087 innate immune response 566 559 557.01 <0.0001 <0.0001

GO:0007596 blood coagulation 329 326 323.78 <0.0001 <0.0001

GO:0007229 integrin-mediated signaling pathway 51 51 50.19 <0.0001 <0.0001

GO:0044267 cellular protein metabolic process 2440 2409 2401.25 <0.0001 <0.0001

GO:0006954 inflammatory response 277 275 272.6 <0.0001 <0.0001

GO:0035855 megakaryocyte development 15 15 14.76 <0.0001 <0.0001

GO:0007275 multicellular organism development 1887 1871 1857.04 <0.0001 <0.0001

GO:0030220 platelet formation 18 18 17.71 <0.0001 <0.0001

GO:0045665 negative regulation of neuron differentiation 71 70 69.87 <0.0001 <0.0001

GO:0002576 platelet degranulation 57 57 56.09 <0.0001 0.0001

GO:0070527 platelet aggregation 40 40 39.36 <0.0001 0.0002

GO:0042127 regulation of cell proliferation 645 639 634.76 <0.0001 0.0002

GO:0060216 definitive hemopoiesis 16 16 15.75 <0.0001 0.0002

GO:0006810 transport 2006 1995 1974.15 <0.0001 0.0002

GO:0035556 intracellular signal transduction 1304 1288 1283.29 <0.0001 0.0005

GO:0007186 G-protein coupled receptor signaling pathway 198 196 194.86 <0.0001 0.0006

GO:0030154 cell differentiation 1472 1459 1448.63 <0.0001 0.0008

GO:0032496 response to lipopolysaccharide 164 164 161.4 <0.0001 0.0009

Only GO groups with q < 0.001 are presented. The table includes the GO identifier “GO.id”, the gene ontology category name “Term”, and the number of

annotated, significant, and expected genes. “p-value” (based on a Kolmogorov-Smirnov test) and “q-value” show the statistical significance of enrichment

before and after correction for multiple comparisons, respectively.

doi:10.1371/journal.pone.0167794.t001
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and performed differential expression and GO analysis. The results showed that the overall

influence of the duplication of the q-arm chromosome in one sample is very small. In particu-

lar, the lists of highly significant GO groups presented in Table 1 contained the same GO

groups when excluding the designated sample. This is likely because the magnitude of the dif-

ferential expression comparing the iPSC to MK samples is much larger than the magnitude of

the expression difference in the individual carrying the duplication. The end result is that even

in the presence of a large-scale genetic change, the integrity of the iPSC-MK comparison signal

remains intact.

Discussion

Genomic instability in human pluripotent stem cells (hPSCs) has been recognized since the

early 2000s [16, 17]. The first reports included large-scale genomic differences with karyotypic

abnormalities including trisomies [16, 18] and more recently, sub-chromosomal abnormalities

such as gene duplications/deletions and point mutations [19–21]. Similar to hPSCs, induced

pluripotent stem cells (iPSCs) also appear to suffer from similar genomic instabilities [19, 22,

23]. Of note, iPSCs appear to have considerably higher numbers of sub-chromosomal copy

number variants (CNVs) compared to hPSCs [24–26]. Prior studies have shown variations in

genomic instability as a function of the cell engineering technology applied [27] (i.e. choice of

reprogramming methods).

In this study we document the high integrity of the MK lines generated from iPSCs in our

previously described feeder-free, xeno-free approach [15]. In the prior work [15], our analysis

on the integrity of the iPSC and derived MKs was limited to differential transcriptomic analy-

sis at the single-gene level. Here, we expanded those analyses to look at integrity from a genetic

perspective including structural variation and we extend the transcriptomic work to include

gene set enrichment analysis on the sets of genes differentially expressed.

Using genotype data from paired iPSC and MK lines and comparing to the parent mononu-

clear cell DNA we show very low levels of genotype discordance between the paired lines. Lev-

els of genotype discordance noted are within the expectations of somatic mutation rates. With

the exception of the complete duplication of chromosome 1q in one MK line, we also observed

remarkable genomic structural integrity of the iPSCs and iPSC derived MKs. Any detected

CNV differences between the cell lines (donor MNC, iPSC and MK) were identified to be false

positives upon manual examination of the called CNV as documented in S1 and S2 Figs. For

Table 2. Significant GO groups for transcripts with lower expression in MKs compared to iPSCs.

GO.ID Term Annotated Significant Expected p-value q-value

GO:0008150 biological_process 7955 7907 7867.93 <0.0001 <0.0001

GO:0008152 metabolic process 6263 6223 6194.45 <0.0001 <0.0001

GO:0006355 regulation of transcription, DNA-templated 1825 1816 1805.02 <0.0001 <0.0001

GO:0007275 multicellular organism development 2332 2321 2306.48 <0.0001 <0.0001

GO:0007156 homophilic cell adhesion via plasma membrane adhesion mol. 49 49 48.46 <0.0001 <0.0001

GO:0007165 signal transduction 2449 2435 2422.2 <0.0001 <0.0001

GO:0034641 cellular nitrogen compound metabolic process 3744 3724 3703.02 <0.0001 <0.0001

GO:0044267 cellular protein metabolic process 2889 2869 2857.38 <0.0001 <0.0001

GO:0016477 cell migration 532 529 526.18 <0.0001 0.0007

Only GO groups with q < 0.001 are presented. The table includes the GO identifier “GO.id”, the gene ontology category name “Term”, and the number of

annotated, significant, and expected genes. “p-value” (based on a Kolmogorov-Smirnov test) and “q-value” show the statistical significance of enrichment

before and after correction for multiple comparisons, respectively.

doi:10.1371/journal.pone.0167794.t002
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Fig 4. Plot of fold change of chromosome 1 transcripts comparing the two MK technical replicates A and B from subject MP030. Technical replicate

A has an identified duplication of the q-arm of chromosome 1. The x-axis represents the genomic position of the transcript and the y-axis represents the log2

fold change between technical replicates A and B. Each point indicates the log2 fold change for one transcript. The green line indicates the mean log2 fold

change for transcripts of the q-arm, highlighting the fact that transcripts in technical replicate A are more highly expressed than in technical replicate B. The

mean log2 fold change for transcripts of the p-arm (red) is drawn as reference. The horizontal dotted black line indicates zero differences between the two

technical replicates.

doi:10.1371/journal.pone.0167794.g004
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the manual inspection, the log R ratio (LRR) and B allele frequency (BAF) plots were visually

contrasted between the parent DNA, iPSC and MK to inspect the differences. Inferring dele-

tions and amplifications based on LRRs and BAFs using a hidden Markov model, we observed

that CNVs in the original donor DNA were also present in the respective daughter cells. We

also specifically investigated the possibility of an introduction of structural variation in the

pairings of donor DNA to iPSC line, and iPSC line to MK line. We were able to manually

inspect all inferred CNVs in a daughter cell but not inferred in the respective parent cell, as the

total number of such instances was very low. For each pair, the LRRs and BAFs were qualita-

tively the same, indicating either a false positive identification in the daughter cell or a false

negative in the parent cell. False positives and false negatives are common occurrences when

inferring CNVs from SNP data, as the CNV calls are mostly based on the observed total allele

intensities, a much more technically variable quantity for example compared to the relative

allele intensities that genotype calls are based on; this technical variability results in more diffi-

culty in calling CNVs as compared to SNPs [28, 29].

We extended the investigation of the integrity of our MK lines to the transcript level in

these analyses. We observed clear differences in clustering based on PCs between the two cell

types as expected with lower variability between iPSCs than between MKs. There were large

numbers of transcripts that were significantly different between the two cell types and we

therefore focused on gene set enrichment analyses to identify sets of genes that distinguish the

two types. To effectively do this, we applied a novel approach of direction-specific differences

between the MK and iPSC lines, i.e. sub-setting all differentially expressed genes into two sepa-

rate classes: those up-regulated in MKs compared to iPSC and those down-regulated in MKs

compared to iPSC lines. The sets of genes enriched differed between these two subsets. Many

of the most significantly enriched gene sets pertained specifically to platelet function and

development: “platelet activation” (GO:0030168), “inflammatory response” (GO:0006954),

“megakaryocyte development” (GO:0035855), “platelet formation” (GO:0030220), “platelet

degranulation” (GO:0002576), “platelet aggregation” (GO:0070527), “regulation of cell prolif-

eration” (GO:0042127), and “immune response” (GO:0006955). These patterns and the sets of

genes upregulated in the MKs as compared to the iPSC help to confirm the integrity of the

derived cell type.

One of the variables of relevance in the derivation of the MKs from the iPSCs is the percent

CD41+CD42a+ megakaryoblasts in the MK cell pellet ultimately used in the transcriptomic

analysis presented here. We observed a range of 41% to 94% across the 28 MK RNA-sequencing

experiments (14 subjects each with an A and B derived MK line). Our principal components

analysis (S6 Fig) does not support any differences in the divergence of the MK lines from the

iPSC lines based on their percentage of CD41+CD42a+ megakaryoblasts in the MK cell pellet.

With respect to some of the analytical aspects of our analysis, we have shown that a techni-

cal issue that arises in the comparison of our iPSC to MKs lines was the high number of tran-

scripts that were not expressed in the iPSCs but on the other hand were expressed in the MKs

at low-modest levels. Traditional RNA-sequencing quality control filters such as the mean and

variance filters would have resulted in these transcripts being excluded from our investiga-

tions; i.e. transcripts highly relevant to our assessment of MK integrity would have been

dropped prior to analysis. To accommodate this we implemented the novel approach of the

interquartile range (IQR) filter and have shown in this analysis how it accommodates these

transcripts successfully (S7 Fig). Another analytical contribution in this work is the capture of

a large CNV (here the entire duplication of the q arm of chromosome 1) in a single sample

relying solely on RNA-sequencing data. This approach will offer us the unique ability to assess

large CNVs in all our MK cell lines (ultimately up to 250 GeneSTAR subjects) utilizing RNA-

sequencing data alone even in the absence of genotype array data or karyotyping.
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In conclusion, this work shows that megakaryocytes (MKs) differentiated from induced

pluripotent stem cells (iPSCs) appear to have high integrity retaining their genetic architecture

and developing a strong MK signal through the process. While we recognize that it would have

been ideal to have megakaryocytes from bone marrow of the study subjects as a comparison to

the iPSC-derived MKs, this is not feasible because they reside in very low levels (<0.01%) in

bone marrow [14] and furthermore, are available only by invasive bone marrow sampling

techniques. Therefore, through the generation of iPSC-derived MKs and the downstream anal-

ysis integrating genetics, transcriptomics and eventually epigenetics with methylation patterns,

we hope to better understand the genetic determinants of transcript regulation in MKs and

ultimately understand the genetic determinants of platelet aggregation. To this end, our analy-

ses herein document integrity of these derived MKs, and confirm a transcriptomic signature

that appears to be highly reflective of MK biology.

Material and Methods

Study Participants

Participants were recruited from our established GeneSTAR study [2, 3, 30]. Briefly, they came

from European American (EA) and African American (AA) families with a history of prema-

ture CAD (onset <60 years). Healthy family members of affected probands were eligible if

they were free of clinically apparent atherosclerotic disease or any other serious comorbidity.

N = 15 subjects (N = 11 African American and N = 4 European American) were selected to be

included in the pilot phase of the study in which iPSCs were reprogrammed from MNCs, and

MKs were derived from the iPSCs (see Supplementary S1 Table). The study was approved by

the Johns Hopkins Medicine Institutional Review Board and all participants provided written

informed consent. In accordance with the consents signed by the GeneSTAR subjects, our

data are deposited into dbGaP (phs001074.v1.p1) for access.

Sample and Subject Labeling Nomenclature

Supplementary S1 Table presents a detailed overview of the 15 subjects included in this study,

the cell lines available on each subject, and the specific data (genotype and/or transcriptome)

available on each. Each independent subject is represented by a PXXX label. The prefixes of I
and M represent the iPSC and MK from that subject, respectively. The suffixes A and B repre-

sent the two alternate lines generated on each subject; these represent technical replicates. For

example IP002A and MP002A represent the iPSC line A for individual P002 and the MK

derived from iPSC line A for individual P002, respectively. Similarly, IP002B and MP002B rep-

resent the iPSC line B for individual P002 and the MK derived from iPSC line B for individual

P002, respectively. There are a total of 15 independent subjects represented in the data; 6 of

these are included in the genotyping arm of this study (see S1 Table for details) and 14 are

included in the RNA-sequencing arm (see S1 Table for details, also referenced in Fig 2).

Generation of iPSC and Derived MKs

The protocols used to generate the iPSC and derive MKs are described in detail by Liu et al.

[15]. Briefly, iPSC lines were reprogrammed from peripheral blood MNCs using non-integrat-

ing episomal vectors. After establishment, they were all expanded in Essential 8 medium on

either Matrigel (1:30; BD Biosciences, San Diego, CA, http://www.bdbiosciences.com) or

vitronectin (5 μg/cm2, Life Technologies). Human iPSCs were differentiated into definitive

CD34+CD45+ hematopoietic progenitor cells (HPCs), using the “spin-embryoid body” (spin-

EB) method in feeder- and serum-free conditions. Single iPSCs were suspended in serum-free
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medium (SFM). On day 14, the suspended cells were harvested and seeded for MK culture,

generating a cell population enriched for CD41+CD42a+ megakaryoblasts. We used Food and

Drug Administration (FDA)-approved pharmacological agents to replace thrombopoietin

(TPO) and bovine serum albumin (BSA) in the culture medium, an important factor for future

clinical applications[15]. There is variability in the passage number of our iPSC (see S1 Table)

which is accounted for in the transcriptomic analysis using principal components as covariates

in the models of analysis as described below.

Genotyping Protocol, Genotype Calling, Data Quality and CNV Analysis

Genotyping was performed at the Center for Inherited Disease Research at Johns Hopkins

using the HumanOmniExpressExome-8v1 array on DNA from 6 different subjects. For each,

we genotyped the donor MNCs and up to two iPSC and paired derived MK lines per subject.

A total of 28 DNA samples were run including 4 HapMap CEPH controls and DNA from 6

independent GeneSTAR subjects (see S1 and S2 Tables). Genotype calls were made using

GenomeStudio version 2011.1 and Genotyping Module version 1.9.4 and a total of 946,674

SNPs (99.53% of attempted SNPs) were released. The genotyping error rate based on the 4

HapMap CEPH samples was determined to be 0.37%.

To test for genotype integrity three different analyses were performed. First genotype data

were read into PLINK [31] for all 24 samples and the amount of DNA shared IBD was estimated

across all 24 samples using a set of linkage disequilibrium (LD) pruned markers. Markers were

pruned using a window size of 50, step of 5 and r2 threshold of 0.3. Second, we calculated the

actual genotype mismatches between each pair of lines MNC➜iPSC and iPSC➜MK and deter-

mined the number of discordances between each pair. Finally we examined how many mis-

matches between the MNC➜iPSC were also passed on the to MK line; we use this count as the

estimation of a mutation rate in the iPSC reprogramming. However, we acknowledge that this

could also include instances where there is a genotyping error in the MNC (i.e. if the MNC were

genotyped incorrectly at a single SNP, then in comparing the SNP call in the MNC, iPSC and

MK, it would appear as a mutation in the MNC➜iPSC that was also passed on the to MK line).

The LRRs (a normalized measure of the total signal intensity for two alleles of the SNP) and

the BAFs (a normalized measure of the allelic intensity ratio of two alleles) were available on the

946,674 genotyped SNPs. CNVs were called using a hidden Markov model developed by investi-

gators on our team [32] using a threshold of 10 supporting probes to call deletions and ampli-

fications. We investigated in particular the possibility of systematic introduction of structural

variation in the pairings of (i) donor DNA to iPSC line and (ii) iPSC line to MK line. As with the

genotype integrity, we were specifically interested in CNVs that arose in the iPSC line that were

then transferred down to the derived MK line. Any candidate CNVs were then visually inspected

across matching DNA samples to rule out the possibility of false-positive calls (see S1–S3 Figs).

RNA-Sequencing Data

We performed RNA-sequencing on non-ribosomal mRNA derived from iPSC and MK cell

pellets from 14 subjects each with two technical replicates of paired iPSC and MK cell lines

(the A and B lines). The percent of CD41+CD42a megakaryoblasts in the MK cell pellet was

determined prior to RNA extraction. A flowchart representing the RNA-sequencing pipeline

is shown in Fig 3.

RNA-Sequencing Data Preprocessing

For alignment and assembly we used the Tuxedo pipeline [33]. Reads were aligned to human

genome (UCSC, hg19) using the spliced-read mapper TopHat2 (version 2.0.13; [34]).
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Transcripts were assembled with Cufflinks, and finally merged with Cuffmerge using the

UCSC reference annotation genes.gtf (version archive-2014-06-02-13-47-56) to guide refer-

ence annotation based transcript assembly (“-g” argument in the software, version 2.2.1; [33]).

The output included all reference transcripts as well as novel genes and isoforms that were

assembled. We used Tablemaker[35] (version 2.1.1) to estimate FPKM (fragments per kilobase

of transcript per million reads sequenced) for each assembled transcript. In order to perform

statistical downstream analysis we integrated the results from Tablemaker into the software

environment R (version 3.3.0; [36]) with the R-package Ballgown (version 2.4.2; [35]).

Differential Expression

Differential expression analysis was carried out at a transcript level. We filtered transcripts

with an FPKM interquartile range (IQR) across all 56 RNA-sequencing experiments greater

than 1. We chose an IQR filter because: (1) we found it to be robust to outliers as in the case of

transcripts only expressed highly in one sample but not in any others, that may not be excluded

by a mean or variance-based filter (S7 Fig, Transcript 4); and (2) it was sensitive to the two dif-

ferent cell types included in the design of our study, where a transcript could be essentially

absent in one cell type but present, even at a low level of expression, in the other (S7 Fig, Tran-

script 3).

The FPKM values of the filtered transcripts were log-transformed using log2 (FPKM + off-

set). We added an offset = 1 to the FPKM values before log2 transformation to facilitate calcu-

lation. To incorporate the paired design of our data, we first calculated paired differences of

log-transformed FPKMs by transcript within each line A or B (i.e. the differences in transcript

expression of iPSCA-MKA and iPSCB-MKB). We then averaged expression values of these

two technical replicates. This averaged data set is denoted by ΔiPSC−MK. In general, for each

transcript we tested the null hypothesis that the differences in the pairs of observations came

from a normal distribution with mean equal to zero and unknown variance, using the one-

sample t-test. In order to adjust for potential confounding factors, we adjusted for the two

principal components of the observed data set containing paired differences of transcript

expression. The following linear model was fit for every transcript:

D
iPSC� MK
ij ¼ b0;i þ b1;i � PC1j þ b2;i � PC2j þ �ij ð1Þ

where D
iPSC� MK
ij denotes the differences in the iPSC-MK pairs of log-transformed FPKM for

transcript i in sample j and �ij the error term. PC1 and PC2 are the scores of the first and sec-

ond principal components, respectively, calculated from ΔiPSC−MK. The parameter of interest

for differential expression analysis of transcript i is the intercept β0,i.

Differential expression was calculated using the R package limma (version 3.28.5, [37]).

Here, the observed transcript sample variances were shrunk towards a pooled variance esti-

mate in order to obtain more stable variability estimates [38]. This resulted in moderated test

statistics and thus moderated p-values. For multiple comparison correction we calculated q-

values from the observed moderated p-values [39]. If a transcript has a q-value of 0.05, we

expect 5% of the transcripts that show smaller p-values to be false positives, i.e., the q-value

controls the expected FDR at 5%. Transcripts with calculated q-values smaller than 0.05

between iPSCs and MKs were declared statistically significant.

Gene Set Enrichment

Gene Ontology [40, 41] group enrichment analysis was performed using the R package topGO

(version 2.24.0, [42]), and results from the biological process ontology were reported. We used
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the default algorithm weight01 in combination with the Kolmogorov-Smirnov test to assess

gene group enrichment.

Supporting Information

S1 Table. Overview of study subjects. Sources of DNA and RNA by cell type, passage number

of iPSC lines and percent CD41+CD42a+ megakaryoblasts in MK pellets by study subject.

(PDF)

S2 Table. Genotype discordances. Counts of discordant genotypes out of a total of 946,674

SNPs between pairs of lines within 6 GeneSTAR subjects. All samples had genotype data on

DNA from the single donor MNCs, and the first line (A line) of iPSC with its corresponding

derived MK. Five samples had a second line (B line) of iPSC and one sample also had the corre-

sponding MK. Transmitted discordancies represent the discordant genotypes that are observed

in the donor MNC-iPSC that is noted to be transmitted on to the corresponding derived MK.

(PDF)

S3 Table. List of transcripts for which MK expression is larger than iPSC expression. Sum-

mary table with results from differential expression analysis of transcripts that were up-regu-

lated in MKs compared to iPSCs. The table includes the HGNC gene identifier “Gene” and the

physical location of the transcript, given by chromosome, start and end position in genomic

coordinates from genome assembly GRCh37/hg19. Parameter estimates of differences in MKs

and IPSCs are given by log2 fold changes and corresponding fold changes. “p-value” and “q-

value” show the statistical significance of differential expression before and after correction for

multiple comparisons, respectively.

(XLSX)

S4 Table. List of transcripts for which MK expression is smaller than iPSC expression.

Summary table with results from differential expression analysis of transcripts that were

down-regulated in MKs compared to iPSCs. The table includes the HGNC gene identifier

“Gene” and the physical location of the transcript given by chromosome, start and end posi-

tion in genomic coordinates from genome assembly GRCh37/hg19. Parameter estimates of

differences in MKs and IPSCs are given by log2 fold changes and corresponding fold changes.

“p-value” and “q-value” show the statistical significance of differential expression before and

after correction for multiple comparisons, respectively.

(XLSX)

S1 Fig. CNVs called by the hidden Markov model in iPSCs but not the corresponding

donor DNA.

(PDF)

S2 Fig. CNVs called by the hidden Markov model in MKs but not the corresponding iPSC

line.

(PDF)

S3 Fig. Five examples of CNVs present in the in donor DNA that are also present in the

iPSCs and MKs.

(PDF)

S4 Fig. Principal component analysis (PCA) of 56 RNA-sequencing experiments.

(PDF)

S5 Fig. Differential Expression between iPSCs and MKs.

(PDF)
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S6 Fig. Principal component analysis (PCA) by cell type and percent CD41+CD42a+ mega-

karyoblasts in MK pellet.

(PDF)

S7 Fig. Comparison of transcript expression filters.

(PDF)

Author Contributions

Conceptualization: NF DMB LC LCB RAM.

Data curation: LC ZZW YG DH.

Formal analysis: RAM KK MAT IR JM LRY AF.

Investigation: RAM LCB KK LRY JL.

Methodology: KK MAT.

Project administration: RAM LCB.

Resources: LCB LC RAM.

Software: KK MAT JL IR.

Supervision: RAM LCB.

Visualization: RAM KK MAT IR.

Writing – original draft: KK MAT RAM.

Writing – review & editing: IR JL LRY LCB.

References
1. Davi G, Patrono C. Platelet activation and atherothrombosis. N Engl J Med. 2007; 357(24):2482–94.

Epub 2007/12/14. 357/24/2482 [pii]. doi: 10.1056/NEJMra071014 PMID: 18077812

2. Faraday N, Yanek LR, Mathias R, Herrera-Galeano JE, Vaidya D, Moy TF, et al. Heritability of platelet

responsiveness to aspirin in activation pathways directly and indirectly related to cyclooxygenase-1. Cir-

culation. 2007; 115(19):2490–6. Epub 2007/05/02. CIRCULATIONAHA.106.667584 [pii]. doi: 10.1161/

CIRCULATIONAHA.106.667584 PMID: 17470694

3. Johnson AD, Yanek LR, Chen MH, Faraday N, Larson MG, Tofler G, et al. Genome-wide meta-analy-

ses identifies seven loci associated with platelet aggregation in response to agonists. Nat Genet. 2010;

42(7):608–13. Epub 2010/06/08. ng.604 [pii]. PubMed Central PMCID: PMC3057573. doi: 10.1038/ng.

604 PMID: 20526338

4. Faraday N, Yanek LR, Yang XP, Mathias R, Herrera-Galeano JE, Suktitipat B, et al. Identification of a

specific intronic PEAR1 gene variant associated with greater platelet aggregability and protein expres-

sion. Blood. 2011; 118(12):3367–75. Epub 2011/07/28. blood-2010-11-320788 [pii]. PubMed Central

PMCID: PMC3179402. doi: 10.1182/blood-2010-11-320788 PMID: 21791418

5. Faraday N, Yanek LR, Vaidya D, Kral B, Qayyum R, Herrera-Galeano JE, et al. Leukocyte count is

associated with increased platelet reactivity and diminished response to aspirin in healthy individuals

with a family history of coronary artery disease. Thromb Res. 2009; 124(3):311–7. Epub 2009/02/03.

S0049-3848(09)00002-4 [pii].PubMed Central PMCID: PMC2763116. doi: 10.1016/j.thromres.2008.12.

031 PMID: 19185906

6. Herrera-Galeano JE, Becker DM, Wilson AF, Yanek LR, Bray P, Vaidya D, et al. A novel variant in the

platelet endothelial aggregation receptor-1 gene is associated with increased platelet aggregability.

Arterioscler Thromb Vasc Biol. 2008; 28(8):1484–90. doi: 10.1161/ATVBAHA.108.168971 PMID:

18511696

7. Bray PF, Mathias RA, Faraday N, Yanek LR, Fallin MD, Herrera-Galeano JE, et al. Heritability of platelet

function in families with premature coronary artery disease. J Thromb Haemost. 2007; 5(8):1617–23.

Epub 2007/08/01. JTH02618 [pii]. doi: 10.1111/j.1538-7836.2007.02618.x PMID: 17663734

Integrity of Induced Pluripotent Stem Cell (iPSC) Derived Megakaryocytes

PLOS ONE | DOI:10.1371/journal.pone.0167794 January 20, 2017 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167794.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167794.s011
http://dx.doi.org/10.1056/NEJMra071014
http://www.ncbi.nlm.nih.gov/pubmed/18077812
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.667584
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.667584
http://www.ncbi.nlm.nih.gov/pubmed/17470694
http://dx.doi.org/10.1038/ng.604
http://dx.doi.org/10.1038/ng.604
http://www.ncbi.nlm.nih.gov/pubmed/20526338
http://dx.doi.org/10.1182/blood-2010-11-320788
http://www.ncbi.nlm.nih.gov/pubmed/21791418
http://dx.doi.org/10.1016/j.thromres.2008.12.031
http://dx.doi.org/10.1016/j.thromres.2008.12.031
http://www.ncbi.nlm.nih.gov/pubmed/19185906
http://dx.doi.org/10.1161/ATVBAHA.108.168971
http://www.ncbi.nlm.nih.gov/pubmed/18511696
http://dx.doi.org/10.1111/j.1538-7836.2007.02618.x
http://www.ncbi.nlm.nih.gov/pubmed/17663734


8. Ecker JR, Bickmore WA, Barroso I, Pritchard JK, Gilad Y, Segal E. Genomics: ENCODE explained.

Nature. 2012; 489(7414):52–5. doi: 10.1038/489052a PMID: 22955614

9. Consortium GT. The Genotype-Tissue Expression (GTEx) project. Nat Genet. 2013; 45(6):580–5.

PubMed Central PMCID: PMCPMC4010069. doi: 10.1038/ng.2653 PMID: 23715323

10. Consortium GT. Human genomics. The Genotype-Tissue Expression (GTEx) pilot analysis: multitissue

gene regulation in humans. Science. 2015; 348(6235):648–60. PubMed Central PMCID:

PMCPMC4547484. doi: 10.1126/science.1262110 PMID: 25954001

11. Nica AC, Parts L, Glass D, Nisbet J, Barrett A, Sekowska M, et al. The architecture of gene regulatory

variation across multiple human tissues: the MuTHER study. PLoS Genet. 2011; 7(2):e1002003.

PubMed Central PMCID: PMCPMC3033383. doi: 10.1371/journal.pgen.1002003 PMID: 21304890

12. Goring HH. Tissue specificity of genetic regulation of gene expression. Nat Genet. 2012; 44(10):1077–

8. doi: 10.1038/ng.2420 PMID: 23011224

13. Schubert P, Devine DV. De novo protein synthesis in mature platelets: a consideration for transfusion

medicine. Vox Sang. 2010; 99(2):112–22. Epub 2010/03/30. VOX1333 [pii]. doi: 10.1111/j.1423-0410.

2010.01333.x PMID: 20345520

14. Moreau T, Evans AL, Vasquez L, Tijssen MR, Yan Y, Trotter MW, et al. Large-scale production of

megakaryocytes from human pluripotent stem cells by chemically defined forward programming. Nat

Commun. 2016; 7:11208. PubMed Central PMCID: PMCPMC4829662. doi: 10.1038/ncomms11208

PMID: 27052461

15. Liu Y, Wang Y, Gao Y, Forbes JA, Qayyum R, Becker L, et al. Efficient generation of megakaryocytes

from human induced pluripotent stem cells using food and drug administration-approved pharmacologi-

cal reagents. Stem Cells Transl Med. 2015; 4(4):309–19. PubMed Central PMCID: PMCPMC4367506.

doi: 10.5966/sctm.2014-0183 PMID: 25713465

16. Peterson SE, Loring JF. Genomic instability in pluripotent stem cells: implications for clinical applica-

tions. J Biol Chem. 2014; 289(8):4578–84. PubMed Central PMCID: PMCPMC3931019. doi: 10.1074/

jbc.R113.516419 PMID: 24362040

17. Oliveira PH, da Silva CL, Cabral JM. Concise review: Genomic instability in human stem cells: current

status and future challenges. Stem Cells. 2014; 32(11):2824–32. doi: 10.1002/stem.1796 PMID:

25078438

18. Cowan CA, Klimanskaya I, McMahon J, Atienza J, Witmyer J, Zucker JP, et al. Derivation of embryonic

stem-cell lines from human blastocysts. N Engl J Med. 2004; 350(13):1353–6. doi: 10.1056/

NEJMsr040330 PMID: 14999088

19. Taapken SM, Nisler BS, Newton MA, Sampsell-Barron TL, Leonhard KA, McIntire EM, et al. Karotypic

abnormalities in human induced pluripotent stem cells and embryonic stem cells. Nat Biotechnol. 2011;

29(4):313–4. doi: 10.1038/nbt.1835 PMID: 21478842

20. Laurent LC, Ulitsky I, Slavin I, Tran H, Schork A, Morey R, et al. Dynamic changes in the copy number

of pluripotency and cell proliferation genes in human ESCs and iPSCs during reprogramming and time

in culture. Cell Stem Cell. 2011; 8(1):106–18. PubMed Central PMCID: PMCPMC3043464. doi: 10.

1016/j.stem.2010.12.003 PMID: 21211785

21. International Stem Cell I, Amps K, Andrews PW, Anyfantis G, Armstrong L, Avery S, et al. Screening

ethnically diverse human embryonic stem cells identifies a chromosome 20 minimal amplicon conferring

growth advantage. Nat Biotechnol. 2011; 29(12):1132–44. PubMed Central PMCID:

PMCPMC3454460. doi: 10.1038/nbt.2051 PMID: 22119741

22. Skylaki S, Tomlinson SR. Recurrent transcriptional clusters in the genome of mouse pluripotent stem

cells. Nucleic Acids Res. 2012; 40(19):e153. PubMed Central PMCID: PMCPMC3479167. doi: 10.

1093/nar/gks663 PMID: 22798478

23. Ben-David U, Mayshar Y, Benvenisty N. Large-scale analysis reveals acquisition of lineage-specific

chromosomal aberrations in human adult stem cells. Cell Stem Cell. 2011; 9(2):97–102. doi: 10.1016/j.

stem.2011.06.013 PMID: 21816361

24. Pera MF. Stem cells: The dark side of induced pluripotency. Nature. 2011; 471(7336):46–7. doi: 10.

1038/471046a PMID: 21368819

25. Muers M. Stem cells: Reprogramming’s unintended consequences. Nat Rev Genet. 2011; 12(4):230.

26. Hussein SM, Batada NN, Vuoristo S, Ching RW, Autio R, Narva E, et al. Copy number variation and

selection during reprogramming to pluripotency. Nature. 2011; 471(7336):58–62. doi: 10.1038/

nature09871 PMID: 21368824

27. Garitaonandia I, Amir H, Boscolo FS, Wambua GK, Schultheisz HL, Sabatini K, et al. Increased risk of

genetic and epigenetic instability in human embryonic stem cells associated with specific culture condi-

tions. PloS one. 2015; 10(2):e0118307. PubMed Central PMCID: PMCPMC4340884. doi: 10.1371/

journal.pone.0118307 PMID: 25714340

Integrity of Induced Pluripotent Stem Cell (iPSC) Derived Megakaryocytes

PLOS ONE | DOI:10.1371/journal.pone.0167794 January 20, 2017 15 / 16

http://dx.doi.org/10.1038/489052a
http://www.ncbi.nlm.nih.gov/pubmed/22955614
http://dx.doi.org/10.1038/ng.2653
http://www.ncbi.nlm.nih.gov/pubmed/23715323
http://dx.doi.org/10.1126/science.1262110
http://www.ncbi.nlm.nih.gov/pubmed/25954001
http://dx.doi.org/10.1371/journal.pgen.1002003
http://www.ncbi.nlm.nih.gov/pubmed/21304890
http://dx.doi.org/10.1038/ng.2420
http://www.ncbi.nlm.nih.gov/pubmed/23011224
http://dx.doi.org/10.1111/j.1423-0410.2010.01333.x
http://dx.doi.org/10.1111/j.1423-0410.2010.01333.x
http://www.ncbi.nlm.nih.gov/pubmed/20345520
http://dx.doi.org/10.1038/ncomms11208
http://www.ncbi.nlm.nih.gov/pubmed/27052461
http://dx.doi.org/10.5966/sctm.2014-0183
http://www.ncbi.nlm.nih.gov/pubmed/25713465
http://dx.doi.org/10.1074/jbc.R113.516419
http://dx.doi.org/10.1074/jbc.R113.516419
http://www.ncbi.nlm.nih.gov/pubmed/24362040
http://dx.doi.org/10.1002/stem.1796
http://www.ncbi.nlm.nih.gov/pubmed/25078438
http://dx.doi.org/10.1056/NEJMsr040330
http://dx.doi.org/10.1056/NEJMsr040330
http://www.ncbi.nlm.nih.gov/pubmed/14999088
http://dx.doi.org/10.1038/nbt.1835
http://www.ncbi.nlm.nih.gov/pubmed/21478842
http://dx.doi.org/10.1016/j.stem.2010.12.003
http://dx.doi.org/10.1016/j.stem.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21211785
http://dx.doi.org/10.1038/nbt.2051
http://www.ncbi.nlm.nih.gov/pubmed/22119741
http://dx.doi.org/10.1093/nar/gks663
http://dx.doi.org/10.1093/nar/gks663
http://www.ncbi.nlm.nih.gov/pubmed/22798478
http://dx.doi.org/10.1016/j.stem.2011.06.013
http://dx.doi.org/10.1016/j.stem.2011.06.013
http://www.ncbi.nlm.nih.gov/pubmed/21816361
http://dx.doi.org/10.1038/471046a
http://dx.doi.org/10.1038/471046a
http://www.ncbi.nlm.nih.gov/pubmed/21368819
http://dx.doi.org/10.1038/nature09871
http://dx.doi.org/10.1038/nature09871
http://www.ncbi.nlm.nih.gov/pubmed/21368824
http://dx.doi.org/10.1371/journal.pone.0118307
http://dx.doi.org/10.1371/journal.pone.0118307
http://www.ncbi.nlm.nih.gov/pubmed/25714340


28. Scharpf RB, Ruczinski I, Carvalho B, Doan B, Chakravarti A, Irizarry RA. A multilevel model to address

batch effects in copy number estimation using SNP arrays. Biostatistics. 2011; 12(1):33–50. PubMed

Central PMCID: PMCPMC3006124. doi: 10.1093/biostatistics/kxq043 PMID: 20625178

29. Scharpf RB, Irizarry RA, Ritchie ME, Carvalho B, Ruczinski I. Using the R Package crlmm for Genotyp-

ing and Copy Number Estimation. J Stat Softw. 2011; 40(12):1–32. PubMed Central PMCID:

PMCPMC3329223. PMID: 22523482

30. Becker DM, Segal J, Vaidya D, Yanek LR, Herrera-Galeano JE, Bray PF, et al. Sex differences in plate-

let reactivity and response to low-dose aspirin therapy. JAMA. 2006; 295(12):1420–7. Epub 2006/03/

23. 295/12/1420 [pii]. doi: 10.1001/jama.295.12.1420 PMID: 16551714

31. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. PLINK: a tool set for whole-

genome association and population-based linkage analyses. Am J Hum Genet. 2007; 81(3):559–75.

PubMed Central PMCID: PMCPMC1950838. doi: 10.1086/519795 PMID: 17701901

32. Scharpf RB, Parmigiani G, Pevsner J, Ruczinski I. Hidden Markov models for the assessment of chro-

mosomal alterations using high-throughput SNP arrays. Ann Appl Stat. 2008; 2(2):687–713. PubMed

Central PMCID: PMCPMC2710854. doi: 10.1214/07-AOAS155 PMID: 19609370

33. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-

sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc. 2012; 7(3):562–78.

PubMed Central PMCID: PMCPMC3334321. doi: 10.1038/nprot.2012.016 PMID: 22383036

34. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate alignment of tran-

scriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 2013; 14(4):R36.

PubMed Central PMCID: PMCPMC4053844. doi: 10.1186/gb-2013-14-4-r36 PMID: 23618408

35. Frazee AC, Pertea G, Jaffe AE, Langmead B, Salzberg SL, Leek JT. Ballgown bridges the gap between

transcriptome assembly and expression analysis. Nat Biotechnol. 2015; 33(3):243–6. doi: 10.1038/nbt.

3172 PMID: 25748911

36. Team RC. A language and environment for statistical computing. R Foundation for Statistical Comput-

ing, Vienna, Austria. 2015. Available from: https://www.R-project.org/.

37. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-

ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43(7):e47. PubMed Central

PMCID: PMCPMC4402510. doi: 10.1093/nar/gkv007 PMID: 25605792

38. Smyth GK. Linear models and empirical bayes methods for assessing differential expression in microar-

ray experiments. Stat Appl Genet Mol Biol. 2004; 3:Article3. Epub 2006/05/02.

39. Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proc Natl Acad Sci U S A.

2003; 100(16):9440–5. doi: 10.1073/pnas.1530509100 PMID: 12883005

40. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology: tool for the unifi-

cation of biology. The Gene Ontology Consortium. Nat Genet. 2000; 25(1):25–9. Epub 2000/05/10.

PubMed Central PMCID: PMC3037419. doi: 10.1038/75556 PMID: 10802651

41. Gene Ontology C. Gene Ontology Consortium: going forward. Nucleic Acids Res. 2015; 43(Database

issue):D1049–56. PubMed Central PMCID: PMCPMC4383973. doi: 10.1093/nar/gku1179 PMID:

25428369

42. Adrian A, Rahnenführer J. topGO: Enrichment analysis for Gene Ontology. R package version 2.22.0.

2010.

Integrity of Induced Pluripotent Stem Cell (iPSC) Derived Megakaryocytes

PLOS ONE | DOI:10.1371/journal.pone.0167794 January 20, 2017 16 / 16

http://dx.doi.org/10.1093/biostatistics/kxq043
http://www.ncbi.nlm.nih.gov/pubmed/20625178
http://www.ncbi.nlm.nih.gov/pubmed/22523482
http://dx.doi.org/10.1001/jama.295.12.1420
http://www.ncbi.nlm.nih.gov/pubmed/16551714
http://dx.doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://dx.doi.org/10.1214/07-AOAS155
http://www.ncbi.nlm.nih.gov/pubmed/19609370
http://dx.doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://www.ncbi.nlm.nih.gov/pubmed/23618408
http://dx.doi.org/10.1038/nbt.3172
http://dx.doi.org/10.1038/nbt.3172
http://www.ncbi.nlm.nih.gov/pubmed/25748911
https://www.R-project.org/
http://dx.doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://dx.doi.org/10.1073/pnas.1530509100
http://www.ncbi.nlm.nih.gov/pubmed/12883005
http://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://dx.doi.org/10.1093/nar/gku1179
http://www.ncbi.nlm.nih.gov/pubmed/25428369

