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Abstract

Traditional bulk RNA-Seq pipelines do not assess cell-type composition within
heterogeneous tissues. Therefore, it is difficult to determine whether conflicting findings among
samples or datasets are the result of biological differences or technical differences due to
variation in sample collections. This report provides a user-friendly, open source method to
assess cell-type composition in bulk RNA-Seq datasets for heterogeneous tissues using
published single cell (sc)RNA-Seq data as a reference. As an example, we apply the method to
analysis of kidney cortex bulk RNA-Seq data from female (N=8) and male (N=9) baboons to
assess whether observed transcriptome sex differences are biological or technical, i.e., variation
due to ultrasound guided biopsy collections. We found cell-type composition was not statistically
different in female versus male transcriptomes based on expression of 274 kidney cell-type
specific transcripts, indicating differences in gene expression are not due to sampling
differences. This method of cell-type composition analysis is recommended for providing rigor in
analysis of bulk RNA-Seq datasets from complex tissues. It is clear that with reduced costs,
more analyses will be done using scRNA-Seq; however, the approach described here is
relevant for data mining and meta analyses of the thousands of bulk RNA-Seq data archived in
the NCBI GEO public database.

Author Summary

This method, which provides a simple method for assessing sampling biases in bulk
RNA-Seq datasets with evaluation of cell-type composition, will aid researchers in assessing
whether bulk RNA-Seq from different studies of the same heterogeneous tissue are
comparable. The additional layer of information can help determine if differential gene
expression observed is biological or technical, i.e., cell composition variation among study
samples. The described method uses publicly available bioinformatics resources and does not
require coding expertise or high-capacity computational processing. Development of tools
accessible to scientists without computing expertise will contribute to greater rigor and
reproducibility for bioinformatic analyses of transcriptome data.
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Introduction

Bulk RNA-Seq is a sensitive and robust method for identifying transcriptional changes in
tissues, but it's often difficult to assess what cell types are represented in transcriptome data.
Standard computational pipelines for bulk RNA-Seq data analysis do not typically assess cell-
type composition within heterogeneous tissues(1—4). This gap leads to uncertainty when
seemingly similar tissue samples are compared and show significantly different gene expression
profiles across studies, bringing reproducibility of findings into question, i.e., are observed
transcriptional differences due to biological differences or sampling differences among
samples(5-8). In order to accurately compare RNA-Seq data among samples collected from
heterogeneous tissues, cell-type composition must be addressed. Therefore, there is a need to
develop user friendly, open source and simple method to identify cell types across samples and
studies.

While some methods allow for cell type selection for bulk RNA-Seq during sample
preparation such as tissue microdissection and flow cytometry, the additional processing
requires collection of greater amounts of tissue than simple bulk RNA-Seq(9-13). Single cell
(sc) or single nuclei (sn) RNA-Seq can be a more challenging albeit rewarding task, and may be
performed using flow cytometry, cell selection by antibodies, or microfluidic devices to separate
cell types (9-14). These methods can be limited by expense, amount of sample available,
sample preparation, and sample heterogeneity. This is especially challenging for more complex
tissues such as the kidney with significant cell-type heterogeneity, including shape and size, and
where only small tissue biopsies are available(5,14,15).

Quality control (QC) assessment of bulk RNA-Seq data does not typically include
assessment of cell-type composition, rather QC is limited to RNA quality(16,17). This consists of
assessing RNA integrity prior to library preparation. Library insert fragment length are assessed
after library preparation(1-3,18). Quality of sequencing chemistries are measured by Phred
scores which calculate the error probability by evaluating peak shape and resolution at each
nucleotide - with current sequencing instruments this is obtained during each round of
amplification in the sequencer (1-3,18). Overall dataset quality after sequencing is then gauged
by average read lengths and percent alignment to a reference genome (1-3,18). While this is
informative, it does not provide information on the cell types present in the samples.

Single cell references use a list of previously identified gene markers based on cell-type
specific gene and protein expression to identify cell types(8,14,19,20). These analyses have not
only validated previously identified cell types in tissues, but also revealed new cell types and
importantly new cell-type specific markers(8,14,19,20). We can now use these genes to perform
cell-type composition analysis on bulk RNA-Seq datasets without the need to run a parallel
scRNA-Seq experiment from a subset of samples included in the experiment. While methods
are available for cell deconvolution, most require some coding skill, subscriptions to specialized
hosting packages, and sequence data derived from paired bulk RNA-Seq and scRNA-Seq
experiments(18,21,22). These methods are often inaccessible to scientists with limited
bioinformatics training.

We describe an easy-to-use protocol for those with limited computational background to
process a previously published single cell dataset for creation of a reference cell-type
expression list, and then annotate a bulk RNA-Seq dataset using Microsoft Office, which is
commonly available at minimal expense in universities and other workplaces. This method can
easily be adapted to R or other software with a simple script.
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We also provide an example using this method for cell type composition analysis of
kidney cortex biopsy samples obtained from female and male baboons. Baboons (Papio
hamadryas) are genetically and physiologically similar to humans and have been used to study
the role of the kidney in many complex diseases(21-30). The structures and substructures
within the kidney are quite heterogeneous and to date, more than 40 different cell types have
been identified among mammals(14,20). We performed bulk RNA-Seq on ultrasound guided
kidney cortex biopsies (females, n=8; males, n=9). We generated a reference list of renal cell-
type specific genes using data from Clark et al. which included 144 genes from 38 cell
types(20). We determined that cell-type representation was similar between females and males,
indicating that observed differences in gene expression were not due to sampling bias. This
example demonstrates the utility of the method for assessing contribution of multiple cell types
to bulk RNA-Seq expression for evaluation of biological versus technical variation.

Methods
Ethics, study design, and data collection

We utilized a cohort of baboons (females: n=8, age 17.88 £ 1.35 years; males: n=9, age
8.10 + 2.38 years)(29-31) (Papio hamadryas; Taxonomy ID 9557) maintained as part of the
pedigreed baboon colony at SNPRC, located on the campus of Texas Biomedical Research
Institute, San Antonio, Texas. All animal procedures were reviewed and approved by Texas
Biomedical Research Institute’s Institutional Animal Care and Use Committee protocols
(IACUC). SNPRC facilities at the Texas Biomedical Research Institute and animal use programs
are accredited by Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC), operate according to all National Institutes of Health (NIH) and U.S.
Department of Agriculture (USDA) guidelines, and are directed by veterinarians (DVM). All
animal care decisions were made by the SNPRC veterinarians. Daily enrichment was provided
by the SNPRC veterinary staff and behavioral staff in accordance with AAALAC, NIH, and
USDA guidelines. The KINSHIP program from Pedigree Database System (PEDSYS v. 2.0)
was used with the Stevens-Boyce algorithm to calculate kinship coefficients to ensure similar
degrees of relatedness among all animals(29-31).

Kidney biopsy collection

All animals were preoperatively treated with ketorolac (5 mg/kg), sedated with ketamine
(10mg/kg, IM), and maintained on isoflurane (1.3-3.0%) anesthesia throughout kidney biopsy.
Kidney biopsies were collected via ultrasound guidance from the cortex region of the left kidney
and immediately placed into cooled 1.5 mL tubes then flash frozen in liquid nitrogen. Animals
were monitored during collections and throughout recovery. Postoperative care included
observation for swelling at the surgical sight and monitoring until animal was conscious.
Buprenorphine (0.2 mg/kg, SQ) was administered for post-operative pain relief immediately
once animals were awake. Buprenorphine (0.2 mg/kg, SQ) was administered as needed 24-48
hours after surgery(29-31).

Diet and housing

The baboons were raised and maintained on a standard monkey chow diet (high
complex carbohydrates; low fat (“Monkey Diet 15%/5LEO,” LabDiet, PMI Nutrition International)
prior to study initiation. Animals were acclimated to cages for at least 8 weeks prior to study.
Animals had free access to 500 g chow ad libitum in individual cages during feeding times.
Female baboons were housed in an outdoor social group with one vasectomized male (not on
study) to provide full social and physical activity. Females were run into individual cages during
feeding times. Males were housed individually prior to study start for 6 weeks(29,30,32).
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RNA isolation, library preparation, and sequencing

RNA was isolated from kidney biopsy samples using the Direct-zol RNA Miniprep Plus
Kit (Zymo Research; R2051). Tissue was homogenized in 600 pL of TRI reagent (Zymo
Research; R2051) using a BeadBeater (Biospec Products) for 3 x 30 sec with RNA purification
according to the Direct-zol RNA Miniprep Plus Kit instructions. RNA was quantified by Qubit
RNA BR Assay Kit (Invitrogen; Q10210), and RNA integrity was determined with an RNA
ScreenTape Kit on the TapeStation 2200 system (Agilent; 5067-5576, 5067-5578, 5067-5577)
and only RIN scores of 8 or higher were used for sequencing. cDNA libraries were prepared
using the KAPA Stranded RNA-Seq Kit (Roche; 07962142001). Libraries were quantified using
a KAPA Library Quantification Kit (Roche; KR0405), and quality was determined with a DNA
ScreenTape Kit on the TapeStation 2200 system (Agilent; 5067-5582, 5067-5583). Sequencing
was done using a HiSeq 2500 (lllumina).

RNA-Seq data processing

Female and male transcript data were processed together in Partek® Flow® (Partek®,
Inc.) with a minimum read length of 25 and minimum Phred score of 330 30. Adapter sequences
were trimmed with the resulting average read length above 90 bases in each group. Reads
were aligned to the baboon genome (papAnu2.0; March 2012). Reads were normalized by
TMM+1 and filtered for genes expressed an average of less than 1 across all samples. The list
of baboon kidney bulk RNA-Seq quality transcripts for all samples was saved as a .csv file. The
list included official gene symbols and abundance values for each gene in each sample.

Assessing bulk RNA-Seq sample cell-type composition

The list of transcripts that passed quality filters was annotated to identify kidney-specific
cell types by the following steps. A reference list of kidney cell-type specific transcripts was
derived from previously published rat whole kidney scRNA-Seq data which included genes
specifically expressed in one of 43 kidney cell types(20). For annotation of our bulk RNA-Seq
data, each rat kidney cell type gene list was downloaded and combined into a single rat kidney
cell type list in MS Excel. The list included columns with official gene symbol, whole kidney
expression value, and kidney cell type annotation. In excel, the tool “Conditional Formatting”
was used to identify and highlight duplicate values, sorted according to color, and highlighted
(duplicate) values were deleted. The resulting list included genes that were highly expressed
and uniquely expressed in only one kidney cell type. The rat kidney cell type list was saved in a
.csv format.

The rat kidney cell type list and the baboon kidney bulk RNA-Seq quality transcript list
were uploaded onto the Galaxy server (usegalaxy.org)(18). The Galaxy tool join/subtract/group>
join two datasets was used to merge the two lists according to the respective columns with
official gene symbols. The merged output .txt file was downloaded and converted to a .csv file.
The resulting merged file provides cell-type annotation for genes in the baboon bulk RNA-Seq
file that were included in the rat sScRNA-Seq kidney cell type list (n=274).

Data, the 274 cell-type specific transcripts were assessed. Multiple unpaired t-tests with
FDR two-stage setup (Benjamini, Krieger, and Yekutieli) to adjust for multiple testing were
performed in GraphPad Prism version 9.5.0 for Mac, (GraphPad Software). Unbiased gene
expression analysis by PCA was performed on normalized transcripts with ellipsoids
representative of 2 standard deviations away from the mean using Partek Genomics Suite
(Partek®, Inc.). Data are expressed as mean, mean + SD, or coefficient of variation and were
statistically significant if the FDR adjusted p-value < 0.05.

Results
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We identified a group of baboons with low degree of relatedness representing diverse
genetic backgrounds from the SNPRC colony (Additional File 1 tab S1). We performed a
standard workflow for quality filtering of bulk RNA-Seq data prior to comparison of females and
males to identify differentially expressed genes(30,32). We assessed pre-alignment total reads,
average read length, and average Phred quality score (Fig 1A, 1B, 1C). Post alignment quality
control measures included average depth, average coverage depth, and percent reads aligned
to the reference transcriptome (Fig 1D, 1E, 1F). Average read length significantly differed by
Welch'’s t-tests as expected from differences in library preparation (p value=0.0117). The
percentage alignment was also significantly different (p value=0.0434), which may be explained
by sex differences.

Cell type-specific gene expression in kidney cortex biopsies

We assessed cell-type composition of the baboon transcriptome (Additional File 1 tab
S2) . Fig 2 shows the 40 highest expressed transcripts. Kidney cortex transcripts included 38 of
the 43 kidney cell types previously characterized in rat by Clark et al.(20) among all female and
male baboon samples. The baboon transcript list contained 274 transcripts encoded by 144 cell-
type specific genes, i.e., some genes included more than one transcript isoform (Fig 3,
Additional File 1 tab S3). No significant differences were observed across 274 transcripts by
multiple unpaired t-tests. Only one gene, SLC18A2 found in neural axon cells (a low abundance
cell type), was expressed significantly higher in males compared to females (p
value=0.000024).

Sex differences in baboon kidney cortex transcriptome

PCA of all quality transcripts in female and male baboon samples revealed the top
principal components of 24%, 11.6%, and 9.03%, which account for 44.6% variation in the
samples, with two clusters revealing sex-specific profiles (Fig 3A). Coefficient of variation for
transcripts in females and males showed sex differences in gene expression variation among
individuals and in the distribution of transcriptome variation (Fig 3B, Additional file 1 tab S4). A
subset of genes, FAM19A3, LEP, NOS1, were only found to be expressed in female baboon
kidney cortex samples.

Applications

Many bulk RNA-Seq studies have been performed to date, and rarely is it clear whether
gene expression differences are due to tissue sampling (technical) or biological differences.
Profiling cell composition strengthens results by ensuring greater rigor and reproducibility. By
using gene expression that is exclusively expressed in one cell type, it is reasonable to infer that
the cell type is present. Most of the currently available methods to deconvolute cell types in bulk
RNA-Seq data require hosting packages and may be inaccessible to scientists with limited
bioinformatics training. We present a simple method for cell type deconvolution.

This new method ultimately saves time, samples, and money by leveraging existing
datasets as a reference. Moreover, collaborative groups often have many people involved from
sample collection to final analysis, and cell type profiling provides an additional layer of QC for
the person doing downstream data analysis. This technique can also be applied to older
datasets, proteomic and metabolomic datasets, and aid in determining study similarity related to
tissue and cell-type sampling(33,34). It is worth noting that published studies that appear to
show conflicting results may benefit from cell-type deconvolution to assess technical versus
biological differences. In addition, this approach is relevant to meta-analyses of publicly
available bulk RNA-Seq data.

Discussion
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We performed bulk RNA-Seq on kidney cortex biopsies to assess sex differences in the
transcriptome and used a simple cell type deconvolution method to determine whether observed
differences were technical or biological. Our results showed consistency in kidney biopsy cell
composition among samples indicating the sex differences were biological. This method of
assessing sampling consistency of bulk RNA-Seq datasets utilizing an existing sScCRNA-Seq
dataset as a reference with a “computationally light” annotation pipeline, is especially useful for
bulk RNA-Seq studies with heterogeneous cell types. Inclusion of these steps provides an
additional level of rigor for transcript data quality assessment. Use of official gene symbols, in
which orthologous genes use the same symbol, allows cross species comparison to leverage
the extensive publicly available scRNA-Seq datasets primarily generated from rodent
studies(18,27,35-37). The method is relevant to assessing technical variation across studies
with conflicting findings, and for potential meta-analyses of publicly available bulk RNA-Seq
data.

Limitations: While this method does not tell us the number of cells present for each cell type, it
consistently reveals the presence of individual cell types allowing comparison among
samples(18,30,35,37).
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RNA-Seq data are available at NCBlI GEO GSE166295.
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Figure Legends

Fig 1. Sequence data quality and alignment of female and male kidney cortex biopsy reads.
Reads were assessed for quality prior to downstream analysis in female (n=8; red triangles) and
male (n=9; blue circles) based on: A. Total reads, B. Average read length, C. Average Phred
quality score, D. Average depth, E. Average coverage depth, and F. Alignment (%). Unpaired t-
test with Welch’s correction was performed comparing males to females in each panel; p-values
listed above bars if significance was <0.05. Individual values are shown, as well as the mean
represented by columns, with error bars indicating standard deviation.

Fig 2. Top 40 highest expressed cell-type specific transcripts in female and male kidney cortex
biopsies. The y-axis indicates abundance, and the x-axis indicates cell type, official gene
symbol, and NCBI transcript ID for each transcript. Individual values for females (n=8) are
denoted by red triangles and males (n=9) by blue circles. The mean values of transcripts are
represented by columns with error bars indicating standard deviations. Multiple unpaired t-tests
with FDR threshold of 1.00% and two-stage setup (Benjamini, Krieger, and Yekutieli) were
used. No significant differences were observed between males and females.

Fig 3. Variation in gene expression of female (n=8) and male (n=9) kidney cortex biopsies. A.
Principal component analysis of female and male kidney cortex transcriptomes. Top principal
components totaled 44.6% and represented each axis as follows: 1=24%, 2=11.6%, and
3=9.03%. Each female transcriptome is represented as a red triangle and each male
transcriptome as a blue sphere. Ellipsoids denote 2 standard deviations from the mean for each
group. B. Coefficient of variation in 26,644 female and male kidney cortex biopsy transcripts.
Each point demonstrates a single transcript with the coefficient of variation value in females on
the x axis (n=8) and males (n=9) on the y axis. The color of each point indicates if the transcript
expression level (TMM+1) is greater in females (red) or males (blue).
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