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LETTERS

WILEY

Cell-type eQTL deconvolution of bronchial epithelium through
integration of single-cell and bulk RNA-seq

To the Editor,

Expression quantitative trait loci (eQTL) analyses may help to un-
derstand the function of disease-associated genetic risk factors.
However, eQTL studies obtained from bulk RNA-seq data are limited
by the lack of cell-type resolution. In this study, we hypothesized that
eQTL deconvolution® of bulk RNA-seq datasets may help to iden-
tify cell-type-associated regulation of gene expression by asthma-
associated genetic variants in bronchial epithelial cell subsets.

We present a tool for predicting bronchial cell proportions in bulk
bronchial RNA-seq datasets, called “BronchiCellPred” (https://git.
web.rug.nl/GRIAC/BronchiCellPred). The description of the meth-
ods can be found in the Appendix S1. Relative expression of the sig-
nature genes in each cell type of this tool is shown in Figure S1. We
used two single-cell (sc-) RNA-seq datasets as validations to evaluate
the performance of this tool, and found that the estimated cell pro-
portions were significantly correlated with the measured frequen-
cies for most of the cell types with spearman correlation R>.7 and
p values <.05, except for the rare cell-type ionocyte (Figure 1B,C).

We then applied eQTL deconvolution® to bulk RNA-seq data
of bronchial biopsies of 146 subjects from the INDURAIN cohort
(Figure S2), to identify cell-type-associated cis-eQTLs of asthma-
associated genetic variants,>® in three main epithelial cell types
(ciliated, basal and secretory cells). In total, we identified 14 decon-
eQTLs (p value <.001, Table S1). For 11/14 eQTLs, decon-QTL as-
sociations were more significant than bulk-eQTL (Table S2). These
decon-eQTLs were replicated using an independent bronchial
epithelial single-cell-eQTL dataset (N = 28). Three eQTLs were
replicated with p value <.05 (rs4749894 ~CALML5 in basal cells,
rs8103278 ~FOXA3 in secretory cells, and rs10876864 ~RPS26 in
basal cells) (Figure 2, Table S2). All the study protocols were ap-
proved by the local medical ethics committee. All subjects gave their
written informed consent.

The eQTL analysis of asthma SNPs in bronchial tissue is still
limited, especially at the cell-type resolution.? To the best of our
knowledge, this is report of the first cell-type-associated eQTL of
asthma-related SNPs from bronchial biopsies by a deconvolution
method, confirmed by single-cell eQTL. These approaches may help
us to identify the potential targeted genes and cell types for drug

discovery and improve our understanding of the regulation of ge-
netic variants on the disease development.

Two of the three replicated decon-eQTLs have previously been
identified as bulk-eQTLs by GTEx (https://gtexportal.org/), includ-
ing rs10876864 ~RPS26 which were identified in multiple tissues in-
cluding lung tissue, and rs8103278 ~FOXA3 which were identified in
minor salivary gland. Our study revealed the eQTL effectin cell types
relevant to asthma. FOXA3 is a transcription factor expressed in gob-
let cells in the airways, which induces mucus production and goblet
cell differentiation and may be involved in antiviral responses of ep-
ithelial cells.* In our study, we showed that the asthma-associated
risk allele was associated with increased FOXA3 expression in secre-
tory epithelial cells, a cell-type annotation that encompasses both
club and goblet cells, thereby providing a molecular mechanism for
goblet cell hyperplasia and increased mucus production in asthma.
CALML5, expressed in bronchial epithelial cells and keratinocytes,
is important for epithelial differentiation and barrier function.® We
identified a basal cell-specific increased expression of CALML5 asso-
ciated with the asthma-associated variant, which may play a role in
epithelial repair and differentiation, and thus, in maintaining and/or
restoring epithelial integrity in asthma.

The accuracy of cell-type estimation is important for eQTL de-
convolution.! Most of the cell types can be well estimated using our
methods, which was supported by the validation analyses. However,
the method may not have enough power to predict rare cell type
such as ionocytes. This should be kept in mind when filtering on the
estimated cell-type proportion to be applied in downstream analysis.

Many of the decon-eQTL genes showed low expression in
scRNA-seq data (Figure S3), which makes it difficult to identify
these cell-type eQTL by sc-eQTL. This indicates that the deconvolu-
tion methods may even be more powerful to identify these cell-type
eQTL effects. As shown in our results, we were able to identify the
cell-type eQTL effect with a limited sample size, some of which can
be replicated by a sc-eQTL method for genes that had sufficiently
high expression in the scRNA-seq datasets.

However, there are still some limitations in this study: 1) the
sample size of bulk data is small. We were only able to assess the
three main epithelial cell types, and we applied a suggestive p
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FIGURE 1 (A) Study design. Gene signature matrices were generated from a scRNA-seq dataset of bronchial biopsies measured by
Illumina 10x platform. We present a tool “BronchiCellPred” for users to estimate bronchial cell proportions from bulk RNA-seq data. We
used an eQTL deconvolution tool “Dencon2”, with estimated cell proportions, bulk RNA-seq data and matched genotype data as the input,
to identify the cell-type eQTL effect in bronchial cells. (B) Scatter plots showing the correlation between measured cell proportion and
estimated cell proportion in 10x scRNA-seq data. To evaluate the performance of cell-type deconvolution, we generated two pseudo-bulk
expression datasets from the 11 samples with 10x scRNA-seq data (validation 1, B) and the 17 samples that only have Smartseq2 scRNA-seq
data (validation 2, C), respectively. Spearman correlation coefficient (R) and p value were calculated for each cell type. There were 11 cell
types identified by 10x dataset. (C) Scatter plots showing the correlation between measured cell proportion and estimated cell proportion in
Smartseq?2 dataset, less cell types (N = 5) were identified with 4 cell types overlapped with the 10x dataset that were shown

value threshold considering the limited power. Here, we demon- In conclusion, this study provides the first proof of concept
strated the eQTL deconvolution analysis by focusing on the three of using eQTL deconvolution method to identify cell-type eQTL
abundant cell types. The method can be applied to include less for asthma-associated genetic variants in bronchial biopsies. The
abundant cell subpopulations when the sample size increase. 2) method to deconvolute cell types from the bronchial airways is
The identified eQTL genes were lowly expressed in scRNA-seq openly available for future use. The eQTL deconvolution analyses are
data in the replication dataset, leading to low power in our vali- likely to be a powerful tool to better understanding cell type-specific
dation design. effects of asthma-associated genetic variants, thereby providing a

8518017 SUOWILIOD BRSO 3|qedl|dde aus Aq pausenob aJe el YO ‘esn 4O Se|nJ 10} AkeiqiT aUIIUO 8|1 UO (SUORIPUCO-PL-SWULBY W00 A3 1M Aelq | [Bul|Uo//SdNY) SUORIPUOD PUe SWe | 8U} 885 *[£202/60/60] U0 A1 8UIUO AB]IM eauol|qicstsIS RAIIN AQ OTYST I/TTTT OT/I0p/LI0Y A8 | IM Aleiq U1 JUO//STNY W1y papeoiumoq ‘2T ‘2202 ‘S666865T



LETTERS

(A) Basal cell eQTL: rs10876864~RPS26

basal * ciliated secretory
< (%}
= N Genotype
g 'a TN 2 ~ GG
c o S0 ) ~ GA
& =
(a] 5‘) 5.0 LI 0 o LA "'?‘
01 L oo ’ - —040 ||°F . =0.2
7. p=62510% || . p=040]|*. - p=029 Bulk eQTL
000 025 050 075 000 025 050 075 0.00 025 050 0.75
cell proportion p=2.40x10-14
—
= _ 31 p=0.04 p=0.46 .
= = 2 - Genotype
8 -5 ° B GG
] 0 2 B GA
9 g 14 §_ B AA
g g g
= 3 3
v o :
GG GA AA
(B) Secretory cell eQTL: rs8103278~FOXA3
basal ciliated secretory * |
= 10.0
.0 o
=] >
sS4 2 Genotype
SE s ~ e
cC o 2 -~ GA
8 o —~ AA
7] 3 N
o o « s : = -07
0ol P71 p=077 ]| p=S62«i0 Bulk eQTL
0.00 025 050 075 0.0 025 050 075 0.00 025 050 0.75
cell proportion p=0.05
—
'a - 2.0 p=0.22 p=0.34 p=0.01 8
9 315 3
T s F
@ 510 4
£ g% - [ 52
(o) 0.0 === — e = ’ [ == 0
GG GA AA GG GA AA GG GA AA
(c) Basal cell eQTL: rs4749894~CALML5
basal * ciliated secretory
c 5 : :
o B 61 p=8.87x1004 | p=1.00 . p=0.59
= 3 5 5 . .
= - K Genotype
[e = 1 SRS . ==
25 ¢ il g g
g ¢ 821 ] — GG
o a TS
g 3 .
S - S Bulk eQTL
0.00 025 050 075 000 025 050 075 000 025 050 075
cell proportion p=0.04
_|
[ ) g
- g l‘:’ Genotype
1] ol @ E3 AG
W s ] — B ™ ca
£ H ] ) 3
(72} 0 —
AA AG GG AA AG GG GG

FIGURE 2 Cell-type eQTL identified by eQTL deconvolution. Cell-type eQTL replicated by sc-eQTL. In each small panel, top scatter plots
showing the deconvoluted eQTLs in basal, ciliated and secretory cell; bottom left, three boxplots showing replicated sc-eQTLs in three cell
types; and bottom right, boxplots showing the bulk-eQTL in bronchial biopsies
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broader overview of the molecular mechanisms of asthma develop-
ment and can be applied on other large bulk RNA-seq datasets in

respiratory disease.
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