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Emergence of methods interrogating gene expression at high throughput gave birth to quantitative transcriptomics,
but also posed a question of inter-comparison of expression profiles obtained using different equipment and
protocols and/or in different series of experiments. Addressing this issue is challenging, because all of the above
variables can dramatically influence gene expression signals and, therefore, cause a plethora of peculiar features
in the transcriptomic profiles. Millions of transcriptomic profiles were obtained and deposited in public databases of
which the usefulness is however strongly limited due to the inter-comparison issues. Platform/protocol/batch bias
can be efficiently reduced not only for the comparisons of limited transcriptomic datasets. Instead, instruments
were proposed for transforming gene expression profiles into the universal, uniformly shaped format that can
support multiple inter-comparisons for reasonable calculation costs. This forms a basement for universal indexing

of all or most of all types of RNA sequencing and microarray hybridization profiles.

gene expression transcriptional profiles RNA sequencing microarray hybridization

| 1. The Problem of Transcriptomic Data Harmonization

The digital ocean of whole-transcriptome gene expression profiles has flooded since the early 2000s when the first
generation of robust and reproducible mRNA microarray hybridization (MH) techniques was introduced into the
routine laboratory practice 2B The outstandingly high importance of the open-access gene expression data
that could be accumulated and extracted from public databases was recognized immediately, thus leading to
emergence of popular online repositories such as Gene Expression Omnibus (GEO) BI8 or ArrayExpress [,
Later on, this has also inspired many impactful large-scale integrative biomedical cooperative projects such as The
Cancer Genome Atlas (TCGA) BRI for cancer genomics and transcriptomics, Gene-Tissue Expression (GTEx) L1
(121 and Atlas of Normal Tissue Expression (ANTE) 18 for normal human tissue expression profiles, the
CancerRxGene database 14 for genomes and transcriptomes of cell lines connected with their response to
hundreds of drugs, and the Broad Institute deconvoluted profiles for gene expression changes in cells under the

influence of gene constructs, drugs, and other chemicals [22116],

Shortly after the critical mass of gene expression profiles has accumulated, the following two conceptual problems
with the data analysis were recognized. First, poor technical compatibility of the expression profiles is obtained
using different experimental platforms/equipment, protocols, and reagents ZML8III20121]  |ndeed, this can be
readily explained by the different physico-chemical principles of gene detection and interrogation 221231 and by
specific library preparation enzymatic bias [24. The second problem (so-called batch effect) dealt and still deals

with the unclear compatibility of gene expression profiles obtained with the same equipment and reagents, but in
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different series of experiments, e.g., they are performed in different times or in different labs 2226 There is no
clear explanation of the nature of the batch effect (e.g., it may be due to relatively different activities of enzymes
and chemicals for library preparation and MH or RNA sequencing from batch to batch), but the effect itself is sound

and frequently inevitable 23,

The compromised compatibility of gene expression profiles obtained using different platforms and protocols was
experimentally explored in the international projects MAQC (for MH) and SEQC (for RNA sequencing). Both MAQC
(1711811191 and SEQC 24 projects investigated compatibilities of gene expression profiles obtained using various
microarray and sequencing platforms for the same set of four sample types (named A, B, C, and D), each
performed in multiple replicates. Type A samples were the commercially available Stratagene Universal Human
Reference RNA specimens for all but brain human tissues; type B samples were also commercially available
Ambion Human Brain Reference RNA. Types C and D samples were the mixtures of A and B with the A:B ratios of
3:1 and 1:3, respectively. In the MAQC project 271811191 the samples of types A, B, C, and D were profiled using
the MH platforms Agilent-012391 Whole Human Genome Oligo Microarray G4112A (GPL1708), Affymetrix Human
Genome U133 Plus 2.0 Array (GPL570) and lllumina Sentrix Human-6 Expression Beadchip (GPL2507). In the
SEQC project 24, the same samples were profiled using the NGS platform Illumina HiSeq 2000 (GPL11154), as
well as three MH platforms: lllumina HumanHT-12 V4.0 expression beadchip (GPL10558), Affymetrix Human Gene
2.0 ST Array (GPL17930), and Affymetrix GeneChip® PrimeView™ Human Gene Expression Array (GPL16043).

The MAQC and SEQC projects investigated the correlations between the transcriptome profiles of the same
biological type, yet obtained using the different experimental platforms. Although these correlations were high L7
(1811911271 * without the some special cross-platform normalization methods (quantile normalization 28 was not
enough), the overall collections of profiles were grouped according to the experimental platforms, rather than to the

biological type of samples, in terms of both clustering dendrograms and of principal component analysis (PCA) 22
[30[31][32][33][34]

As the reaction of the scientific community, a bunch of first-generation harmonization/normalization methods was
generated in the first decade of the 21st century, aimed at the standardization of multi-platform expression profiles
using specific algorithms. These methods were mostly trained on the different types of MH gene expression data
and could dynamically transform gene profiles into a flexible yet inter-comparable form B3, The following
alternative approaches that have different principles and different destinies could be mentioned in this entry:
Quantile Normalization (QN) [28  Quantile Discretization (QD) [8 Normalized Discretization (NorDi) B,
Distribution Transformation (DisTran) 28 Empirical Bayes (EB)/ComBat (22, Distance-Weighted Discrimination
(DWD) 4941Ji42] - Cross-Platform Normalization (XPN) 2231 Gene Quantiles (GQ) 2], and PLatform-Independent
Latent Dirichlet Allocation (PLIDA) B9,

| 2. Principles of Harmonization Algorithms

Different harmonization methods are based on different algorithms aimed to suppress the platform bias and the

batch effect. These algorithms may utilize different approaches to gene expression data processing and produce
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output data in different formats. Considering the mathematical apparatus, researchers proposed the following

classification:

(1)Methods based on statistical transformations (considering quantiles, ranks, means, medians of gene expression

levels, etc.):

(a)Those using ranking of expression levels and setting the output levels according to the averaged values,
such as QN 28] Feature-Specific QN (FCQN) 44, Quantile Discretization (QD) 28, Gene Quantiles (GQ) 43,
Normalized Discretization (NorDi) 4, Distribution Transformation (DisTran) (888 Median Rank Scores
(MRS) 281 YuGene 42 and Rank-in [28!;

(b) Those using piecewise rescaling of log-expression levels according to the mean/median values over distinct
genes and samples, such as Column Sample (CS), Median-Centered (MC) 22 and Analysis of Variance
(ANNOVA) 47 method:;

(2)Methods using regression and/or maximum likelihood models for validation of predefined statistical hypotheses:
(a) Those using negative binomial distribution, such as the DESeq [28/DESeq2 [42BJ51:

(b) Those using log-normal distribution with either covariance analysis 22, or with conditional/Bayesian models,
as for the methods Universal exPression Code (UPC) 354 Empirical Bayes (ComBat) (22, Robust
Microarray Analysis (RMA) 531, GeneChip Robust Multiarray Analysis (gcRMA) 28, Model-Based Expression
Indices (MBEI) B4, Probe Logarithmic Intensity ERror (PLIER) estimation 28, frozen Robust Microarray
Analysis (fRMA) BBAELI62] MatchMixeR (MM) 828l Cross-Platform Comparison (XPC) 641;

(c)Those using Dirichlet and gamma distributions as for the method PLatform-Independent Latent Dirichlet
Allocation (PLIDA) B9

(d)Those using the empirical superposition of conditional probabilistic (Bayesian) models that describe the
generalized-type distribution as for the method applied for the comparison of the MH, NGS, microRNA, and
DNA methylation data [62[8:

(e)Those using the Least Absolute Shrinkage and Selection Operator (LASSO) regression models £7;

(3)Methods finding similar clusters in gene expression matrices of the datasets under normalization and then using

iterative corrections to fit each cluster as close as possible to the target model:

(a)Those using piecewise linear interpolations in the log-expression space, such as Cross-Platform
Normalization (XPN) [22:

(b)Those using piecewise cubic interpolations in the log-expression space, such CuBlock (241,
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(4)Methods utilizing machine learning (ML) to find and artificially remove dissimilarities between datasets to be
normalized:

(a) Those using the linear support vector machine (SVM) ML method, such as Distance-Weighted Discrimination
(DWD) 404142,

(b)Those using quantile-based regression models for data transfer from source to target datasets, such as
Training Distribution Machine (TDM) (€8],

Another important aspect that must be considered in this entry is the format of output gene expression data
generated by the harmonization techniques. Most of currently existing methods return the results in the flexible
format. For the flexible normalization, the shape of the output transformed gene expression profiles is a variable
that depends on all the profiles under harmonization. This has an important limitation that one cannot combine the
output datasets generated after two or more acts of such harmonization. Even adding as few as just one
transcriptional profile would require a new harmonization of the entire dataset. This clearly increases the

calculation costs for large datasets that are being routinely updated.

Taken together, these factors complicate the analysis of not only single gene expression levels, but also of higher
order gene-based biomarkers such as gene signatures 9, molecular pathway activation levels 9, algorithmically
deduced cancer drug efficiency scores 172 and different ML models 3741751,

To overcome these limitations, an alternative concept was formulated comprising conversion of a whole set of
profiles under harmonization into a pre-defined output shape, e.g., into a shape of a preferred gene interrogating
experimental platform. In such a paradigm, the harmonized output should look as if it would be obtained using a
predefined gene expression platform. The examples of predefined-shape harmonization methods include Frozen
Robust Microarray Analysis (fRMA) [B6A6LI62] rohyst Quantile Normalization 8, Training Distribution Machine
(TDM) 881 and Universal exPression Code (UPC) (2],

More recently, researchers proposed a new family of uniformly shaped cross-platform harmonizers termed
Shambhala 82231, Harmonization here is performed not simultaneously for all the profiles under harmonization, but
for the gene expression profiles taken one by one, when each individual profile is merged and quantile-normalized
(28] with an auxiliary calibration dataset that is pre-defined by the method developers. Then, the resulting dataset is
converted into the shape of the so-called reference definitive dataset. This creates an additional advantage of co-

harmonizing datasets of different, even non-comparable, sizes.

Furthermore, such harmonization may use different mathematical transforms as the engine to reshape the
transcriptional profiles. The first version of Shambhala used the piecewise linear method XPN 221 for profile

reshaping (22, whereas the latest version 23 utilized the piecewise cubic transformation method CuBlock 341,

| 3. Evaluation of the Quality of Harmonization
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Harmonization of transcriptional profiles is a complex process that can distort functionally relevant features such as
clustering and neighborhood on a dendrogram and fold-change of gene expression with relation to control

samples.
The following quantitative metrics and methods may be applied to estimate the effect of harmonization:
(1)First, different statistical criteria may be used to estimate the following endpoints:
(a)Correlation analysis for the gene expression profiles before and after harmonization [221[20[311[33][34]:
(b)Comparison of between- and within-class distances before and after harmonization [22!;

(2)Alternatively, one may classify the samples according to gene expression data after normalization, involving

various machine learning (ML) methods:
(a)Logistic regression 2, used in 2

(b)SVM 28 ysed in [22[31:
(c)Nearest shrunken centroids Prediction Analysis for Microarrays (PAM) [, used in 22,

As a typical material for such normalization quality benchmarks, in many studies, the investigators used
standardized reference samples, whose gene expression was interrogated with different equipment using different
experimental protocols. Probably, the most important series of such cross-comparisons was performed within the
Microarray Quality Control (MAQC) W8I and Sequencing Quality Control (SEQC) 24 projects mentioned

above in this entry.

The MAQC and SEQC projects were focused on profiling the specific model human mRNA sample types. One was
the commercial Stratagene universal human reference RNA mixture for all but brain tissues; another one was the
commercial Ambion human brain reference mRNA, and the two remaining types were the mixtures of the

Stratagene/Ambion samples in the ratios of 3:1 and 1:3, respectively.

The quality assessment is based on the expectation that a perfect harmonization must support the similarity of
gene expression profiles according to the biological nature of the sample rather than depending on the equipment
and reagents used to interrogate gene expression. Thus, early approaches used visual inspection of the principal
component analysis (PCA) plots and/or cluster dendrograms to assess the cross-platform harmonization
benchmarks [BAELB2IE3IB4] - However, this could only support a manual qualitative assessment without precise

guantitative interrogation of the complex class distribution profiles.

Researchers recently proposed a new metric for the algorithmic cluster analysis of dendrograms (3289 called

Watermelon Multisection (WM). WM measures the strength of data matching with the trait of interest. When moving
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from the root of the dendrogram to its distal branches, one can calculate general decrease of entropy and,

therefore, information gain (IG) at each node of the dendrogram, i.e., its split into two shoulders 9. This

accumulated and normalized IG constitutes the WM metric for a given dendrogram, and a given set of classes

under analysis. Consequently, the ratio R =Wy,s/Wp, Where WMs is WM metric for clustering according to classes

corresponding to biological nature and WMp, according to the experimental platform used, may be used as a facile

yet robust estimate of the harmonization quality. A higher R corresponds to a better quality, and vice versa .
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