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Abstract:

Reprogramming of somatic cells into Induced pluripotent stem cells (iPSCs) by defined
factors has been well established. iPSCs were shown to be very similar to Embryonic Stem
Cells (ESCs) but recent studies have reported that early stage iPSCs from various somatic cell

sources differ in their differentiation potency into other cell-types. However, it was noted
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that such iPSCs have differentiation bias to their donor cell types than to any other cell-
types. Epigenetic memory in terms of DNA methylation/histone methylation of iPSCs has
been attributed to the observed phenomenon but other mechanisms underlying this
process remain to be explored. In the light of cell-type specific specialized ribosomes, by re-
analyzing the publically available gene expression datasets among ESCs and various sources
of iPSCs , here we report that transcripts of Ribosomal Protein (RP) subunit composition
differ between ESCs and iPSCs. Further, ribosome protein subunit transcripts among various
iPSCs are quite different and are dynamic. We studied the dynamic patterns of RP gene
expression during different stages of pluripotency. We also discussed the possible
outcomes/effects of deriving various cell types from these iPSC, in the context of
ribosomopathies, and potential ways to overcome them. Our results provide a informatics’
framework for researchers working on deriving iPSC and the implications will have profound

impact on regenerative medicine and iPSC derived patient specific cell transplantation.
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INTRODUCTION

Embryonic stem cells (ESCs) are extremely worthy resources in regenerative medicine and
serve as in vitro model systems to study early embryonic development and disease
processes [1]. Induced pluripotent stem cells (iPSCs), in which ectopic expression of few
transcription factors, generally Oct4, Sox2, KIf4 and cMyc (OSKM factors ), into any adult
somatic cells would reprogram them into an embryonic stem cell state [2]. Initially, iPSCs
were thought to be very similar to ESCs, but later found to be substantially different in their
gene expression patterns [3]. Irrespective of source of donor cell-types, iPSCs were shown to
be less efficient in their differentiation potency to other cell-types, but they were shown to
easily differentiate back into its respective donor cell-types, highlighting the influence of
donor cell-type specific epigenetic signatures in this process [4]. However, it was noted that
continuous passaging of these cells would attenuate these differences between iPSCs of

different sources [5]. Donor cell-lineage specific factors, incomplete DNA methylation,
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incomplete repression and reactivation of multiple genes[6], persistent donor cell-type
specific gene expression or unique gene expression pattern [7] have been attributed to
these observed phenomena. The transcriptional/post transcriptional regulation of these
aberrant/unique epigenetic signatures of iPSCs is poorly understood but errors arising
during reprogramming or incomplete reversion to pluripotency could be a cause. Since, the
potential application of iPSCs in regenerative medicine and disease modelling depends on
successful cell-type specific differentiation of iPSC, one need to investigate mechanisms

behind this differentiation bias and methods to overcome it.

Apart from the above mentioned epigenetic determinants, other crucial cell-type specific
protein complexes might also influences restricted differentiation of iPSCs. In this regard
occurrence of cell-type specific ribosome composition (specialized ribosome protein
composition) has attracted our attention. Researchers have reported that ribosome
composition is tissue specific and expression levels of different ribosomal proteins are
different in different tissues/cell-types [8-10]. Interestingly, decrease in concentration of a
specific ribosomal protein was shown to affect a spectrum of translated mRNAs without
affecting overall protein synthesis in a given cell. This explanation could account for the fact
that mutations in some ribosomal proteins cause abnormality in particular tissue or cell-type
but doesn’t affect the whole body of an organism [reviewed in11]. Recently, Slavov et al.,
2016 did mass spectrometric studies in RPs to further support the existence of ribosomes
with distinct protein composition and physiological function [12]. Based on these
observations, we hypothesized that heterogeneity in cell type specific ribosome
composition could serve as one of the important determinants that might restrict iPSCs to

achieve complete pluripotency and might explain differentiation biases.

Here we analysed expression pattern of ribosomal protein genes during different days of
reprogramming of four somatic cells to respective iPSCs and compared them with that of
ESC in humans. Our analysis identified unusual polymorphic behaviour of various ribosomal
protein gene expressions during this process, in which not only a few patterns correlated

well with cell-type specific ribosomal composition restricting differentiation capacity of
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those derived iPSCs, but other unique patterns in iPSC of different founder cells showed
up.We referred initial days of reprogramming as early stage and late stage ipsc as late
stage.These results highlight the importance of ribosome composition and future work on it

in efficient generation of pluripotent iPSCs equivalent to that of ESCs.

Materials and methods
Bioinformatics analysis of publically available gene expression data sets:

We studied and re-analysed publically available microarray gene expression data sets from
ESCs, as well as iPSCs derived from four different somatic cell-types viz. Human dermal
fibroblasts (HDF), Human astrocytes (HA), Normal human bronchial epithelium (NHBE),
Human prostate epithelial cell (PREC) with early, intermediate and late days of
reprogramming, including gene expression data sets under the accession number GSE50206
[13]. 75 percentile normalised expression data from all samples were analysed. Initially we
defined the possible significant patterns based on visual observations. Then we used
computational tools to derive the list of genes in each cell-type across the stages of
reprogramming corresponding to the defined patterns. We set defined thresholds for an
expression value to be considered as ‘high expression’/ ‘low expression’. Heat maps were

generated using Cluster3 and Java TreeView tools.

Microarray gene expression data analysis:

75" percentile normalised expression data from all samples were analysed. We divided
expression values of each dataset which consists of ESC, donor cell and its iPSCs passages of
a particular cell type into two parts. One with a range of -0.5 to +0.5 (rangel) and the
remaining ones in another part (range2), since most of the genes have expression values in
rangel. We designed a PERL program to identify whether particular gene is expressed or
not, such that if the gene is expressed, it will be greater than 0.3 in rangel and 0.4 in range2
as well as if the gene is not expressed or down regulated it should be less than -0.2 in

rangel and less than -0.3 in range2. We selected these thresholds as such because at these
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values, the patterns can be clearly seen under a heat map. We did not consider lesser values
because they may hinder the significance of these results. We then set minimum threshold
to consider a value as ‘not expressed/’very less expressed’ and upper threshold to consider
as ‘highly expressed’. Then we set the parameters for each of the patterns. We applied this
program with defined thresholds for all the cell types.Heat maps were generated using

Cluster3 and Java TreeView tools.

Generation of iPSCs from HDF:

To facilitate ecotopic retroviral-mediated reprogramming of HDFs, they were transduced
with lentiviruses to express mouse Sic7al, and the transduced cells were selected with
Blasticidin S. Slc7a1* hADFs were seeded at a count of 8x10° cells in fibroblast medium on a
10 cm dish. The cells were subjected to two rounds of transduction with pools of freshly
prepared pMXs-OSKM retroviral supernatants at 1:1:1:1 ratio in an interval of 48 hrs
between the first and the second transductions. On day 4, 5x10° transduced hADFs were
seeded on a 6 well plate containing mitomycin-C treated SNL feeder cells in fibroblast
medium. Two days later, the medium was changed to hiPSC medium. The reprogramming
cells were fed daily with fresh medium and were observed for the emergence of iPSC
colonies. For the derivation of iPSC lines by retroviral method (retro iPSC), colonies with
ESC-like morphology were manually picked up in the 3" — 4™ weeks of reprogramming. The
isolated clones were mechanically broken into small clumps and seeded on mitomycin C-
treated SNL feeder layer in the iPSC medium. When the confluency reached 60-70% (4-5
days), the clones were subsequently passaged onto feeders by enzymatic treatment with

1mg/ml Collagenase IV (Life Technologies) for 45 minutes in 5% CO; incubator.

RNA isolation and Real time PCR analysis:

RNA was extracted from fibroblasts and iPSCs using Tri-reagent (Sigma-Aldrich). 1 pg of total
RNA was used for reverse transcription reaction using high capacity cDNA reverse
transcription kit (Life Technologies) according to the manufacturer’s instructions.
Quantitative RT-PCR was set up with SYBR Premix Ex Taq Il (Takara Bio) using specific
primers (ref Table) and analyzed with ABI 7500 (Life Technologies) or QuantStudio12K Flex
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(Life Technologies) real-time PCR systems. The raw data was normalized with actin (Actb)

gene expression.

Results:

We observed different ribosomal gene expression patterns with significance in
reprogramming cells from published datasets and categorised into following nine
patterns.(fig1&2){1) The late stage iPSCs were similar to that of ESCs, but early stages were
similar to that of donor cell type. The donor cell memories slowly get erased over time. (2)
Both late and early stage iPSCs retained donor cell-type transcription profile. In this, most of
the donor transcriptional memories are not erased during the course of reprogramming and
were retained up to the last stages. These genes seem to be persistent in expression no
matter how long the cells were passaged. (3) Late stage iPSCs retaining expression at similar
levels as that of donor cell-type but immediate early stage hiPSCs showed higher levels of
expression. This is a variation of pattern#2, where the late stage iPSC retain the donor
memories, but immediately after induction these genes are overexpressed. (4)Same as #3
but late stage iPSCs showed ESC type composition. Donor memories initially increase but
late stages convert into ESC type. This is a different pattern where initially the donor
memories get overexpressed but as the time passes, the expression is converted back into
ESC type. These genes might help in achieving pluripotency (5) ESC with intermediate
expression, donor and immediate iPSC high expression, late iPSC low expression. This
variation of pattern#1, but the late stage iPSC expression is lower than ESC. this may be
beneficial or deleterious to the cell. {6) Genes that are not expressed in ESCs, donor cells or
late iPSCs but were expressed in the intermediate stages. (7) Those only appear high in iPSC.
They are neither expressed high in donor nor in ESC. (8) Genes, whose expression in less in
ESC, more in donor but more than donor in late iPSC. (9) The expression of late stage iPSC is

always less than that of ESC.

Through, our analysis has shown some other patterns but we did not consider them as so
significant. At global level, most of the genes showed pattern# 1 (Figla), wherein the donor
cell memory is retained in immediate stages but gets erased over the time and show ESCs

type expression at late stage passages. But not all the genes followed the similar pattern.
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We have listed out the genes which follow the above said patterns in other cell types in the
same dataset (fig 4). Without considering these differences, if we derive iPSCs and
differentiate into another cell-type, the resulting tissues will most probably result in
abnormalities in their functions. Moreover some mitochondrial ribosomal proteins have also
shown these trends suggesting the importance in iPSC. For example, genes like Mrpl24,
Mrps10 and Mrpl53 show pattern #4. Interestingly, we noted that Rps6ka4, a ribosomal
protein kinase, has moderate expression in donor cells but has high levels of expression in

initial and intermediate passages.

Based on these bioinformatics study, we further validated observed expression patterns by
real time PCR (gPCR) in iPSC lines derived from Human dermal fibroblasts for some genes in
early and late passages of hiPSC (fig3) Most of them are following the expected patterns and

in well agreement with our analysis , if not all.

Discussion:

Our results and lists are more of information to researchers working on pluripotency. We
provided information about some unique patterns in iPSCs (fig4) For example, the genes
that follow pattern# 2 could be repressed so that the late stage passages attain more
pluripotency. We have observed that many ribosomal proteins are deficient in late stage
iPSC passages. We are discussing the probable phenotypes one can observe if target tissues

are derived from the late stage iPSCs with RP deficiencies.

Surprisingly, in all of the cells, Rp/15 and Rpl22 (except in PREC where Rp/21 and Rp/22)
followed pattern #9 (data not shown). Mutations in Rpl15 are associated with Diamond

Blackfan Anemia 12 (DBA12) [14]. So, if blood cells are derived from this iPSC, they are most


https://doi.org/10.1101/114868

bioRxiv preprint doi: https://doi.org/10.1101/114868; this version posted March 7, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

likely to be associated with DBA phenotype. On the other hand, Rp/22 deficiency selectively
arrested development of alpha beta-lineage T cells at the beta-selection checkpoint by
inducing their death [15]. So, T cells derived from these iPSC are most probably prone to the

above said phenotype.

Interestingly, Rps6ka3, a protein kinase of Rps6, was observed to be deficient in all the late
stage iPSC passages. The protein made by the Rps6ka3 gene appears to play an important
role in the brain. The protein is involved in cell signalling pathways that are required for

learning, the formation of long-term memories, and the survival of nerve cells.

More than 125 mutations in the Rps6ka3 gene have been identified in people with Coffin-
Lowry syndrome, a condition associated with intellectual disability and skeletal
abnormalities. All of these mutations severely reduce or eliminate the activity of the

Rps6ka3 protein [16].

In PREC, a total of nine ribosomal proteins follow pattern#5, Depletion of Rps9 by small
interfering RNA in human cancer cell lines resulted in decreased global protein synthesis in
association with induction of p53 target genes followed by cell cycle arrest or apoptosis
depending on cell type [17]. Similarly, mutations in Rps5 was shown to negatively affect
translational accuracy in yeast [18]. Rps2 was shown to be positive regulator of transferase
activity cellular protein metabolic process [19]. Similarly Rp/4 was also shown to be
associated with DBA [20]. Rp/15 was seen in pattern#8, where it is only expressed in late
stage iPSC. This gene has been shown to be overexpressed in some oesophageal tumours
compared to normal matched tissues [21]. So it is very likely that iPSC derived from PREC

show the above phenotypes.

Coming to pattern#8, where the expression is only seen high in late stages of iPSC, there are

some commonalities among the four cell-types. For instance, Rps27 follows the pattern in
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NHBE,HDF and PREC. It is interesting to note that over expression of Rps27 shown to be
linked to many cancers [22]. Similarly, Rps6 follows the pattern in HDF and HA, Rp/36A and
Rps26 in both NHBE and PREC.

Moreover, many ribosomal genes such as Mrpl27, Mrpl33 and Mrpl52 are observed to be
deficient in the late stage iPSCs . These defects in the mitochondrial ribosomal proteins may

result in defects in mitochondrial functions such as oxidative phosphorylation.

It has been reported that small change in ribosomal protein expression may lead to drastic
changes in regulation. Here in our study, we can say that the heterogeneity in ribosome
composition among various induced pluripotent stem cells (iPSCs) should be taken into
consideration while deriving iPSCs and target tissue from those iPSCs and is correlated with
their differentiation potential and donor cell-type. One can predict the donor cell type by
looking at early iPSCs passages. This may provide another clue that ribosomal protein
composition play role in cell-type specific gene regulation and highlights he role of

specialized ribosomes in iPSC.

List of Abreviations:

iPSCs: Induced Pluripotent Stem Cells; ESCs: Embryonic Stem Cells; RP: Ribosomal
Protein;OSKM: Oct4, Sox2, KIf4 and cMyc; HDF: Human dermal fibroblasts; HA:Human
astrocytes; NHBE: Normal human bronchial epithelium; PREC:Human prostate epithelial

cell ; hADFs: human Adult Dermal Fibroblasts; DBA: Diamond Blackfan Anemia
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Figure legends

Figure 1: Line Graphs representing different patterns. a-h: The expression of Ribosomal genes
and the dynamics during different patterns showing ESC, Donor cell type and different days of
differentiation. The figures and patterns respectively are : a-1,b-2,¢-3,d-4,e-5,f-6,g-7,h-8.

Figure 2: Heatmap showing patterns. All the ribosomal genes’ expression which follow the
patterns and their corresponding values in other cell types . colour scale: green (low
expression)- black (Intermediate expression) — red(intermediate expression).

Figure 3: qPCR Validation. Real-time PCR validation of selected genes in established hiPSC lines
at early and late passages. RP gene expression in iPS cells (Normalized to Actin and fibroblast -
ddCt method)

Figure 4: Summary Table. summarizing the information about the genes following patterns.
Those highlighted in Yellow show the typical expected expression pattern upon induction.
Those highlighted in red are to be knocked down and those in green needs to be over
expressed.
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