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miRSCAPE - inferring miRNA expression
from scRNA-seq data

Gulden Olgun, Vishaka Gopalan,’ and Sridhar Hannenhalli'-#*

SUMMARY

Our understanding of miRNA activity at cellular resolution is thwarted by the
inability of standard scRNA-seq protocols to capture miRNAs. We introduce a
novel tool, miRSCAPE, to infer miRNA expression in a sample from its RNA-seq
profile. We establish miRSCAPE’s accuracy in 10 tumor and normal cohorts
demonstrating its superiority over alternatives. miRSCAPE accurately infers cell
type-specific miRNA activities (predicted versus observed fold-difference corre-
lation ~0.81) in two independent scRNA-seq datasets. We apply miRSCAPE to
infer miRNA activities in scRNA clusters in pancreatic and lung adenocarcinomas,
as well as in 56 cell types in the human cell landscape (HCL). In pancreatic and
breast cancer scRNA-seq data, miRSCAPE recapitulates miRNAs associated
with stemness and epithelial-mesenchymal transition (EMT) cell states, respec-
tively. Overall, miRSCAPE recapitulates and refines miRNA biology at cellular res-
olution. miRSCAPE is freely available and is easily applicable to scRNA-seq data
to infer miRNA activities at cellular resolution.

INTRODUCTION

miRNAs are small non-coding RNAs that typically bind to 3’ untranslated regions (UTR) of their target
mRNAs and regulate their expression via diverse mechanisms, including mRNA degradation (Valencia-
Sanchez, 2006) and translational inhibition (Bartel, 2004). miRNAs play critical roles in most fundamental
cellular processes, from development to homeostasis (Bartel, 2004; Jovanovic and Hengartner, 2006)
and consequently are implicated in several diseases, including cancer (Peng and Croce, 2016).

Single-cell RNA sequencing (scRNA-seq) technologies have advanced our understanding of molecular
mechanisms at the single-cell level (Peng and Croce, 2016), revealing cellular heterogeneity and identifying
previously unknown cellular subpopulations in a variety of contexts (Han et al., 2020; Luecken and Theis,
2019). However, these technologies are yet to benefit the field of miRNAs because the reverse transcription
stage of the current scRNA-seq protocol relies on poly(A) capture, which mature miRNAs lack. This limita-
tion has precluded the standard scRNA technologies from profiling miRNAs and, consequently, there are
very few published miRNA profiles at single-cell resolution (Faridani et al., 2016; Wang et al., 2019). Even
though there are large miRNA atlases that profile genome-wide miRNA expression in specific tissues or
purified cell culture (Lorenzi et al., 2021; deRie et al., 2017; McCall et al., 2017), there is a general lack of
in vivo miRNA expression profiles in single cells, which severely limits our understanding of miRNAs func-
tion and dynamics at cellular resolution, and investigation of miRNAs' role in the emergence of cell states.

Previous attempts to infer miRNA expression from the expression of protein-coding genes have relied on
the assumption that reduced expression of a miRNA's putative targets, where targets are ascertained
based on various sequence-based approaches (Chang et al., 2008; Setty et al., 2012; Agarwal et al,,
2015), is indicative of the miRNA activity (Israel et al., 2009; Nielsen and Pedersen, 2021). In particular, a
recent tool, miReact (Nielsen and Pedersen, 2021), ascertains the activity of miRNA in a transcriptomic pro- 1Cancer Data Science Lab,
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explicitly demonstrate this assertion. Instead, we hypothesize that the complex direct and downstream in-
direct regulatory links between miRNAs and the expression of other mRNAs (both protein-coding and non-
coding) can be exploited to infer miRNAs at a single-cell level much more effectively than based on puta-
tive targets alone. Here, we report a computational tool- miRSCAPE —to infer miRNA expression in single
cell clusters from the scRNA-seq data.

First, based on large cohorts of paired miRNA-mRNA profiles in TCGA, GTEx (Lonsdale et al., 2013), and
CCLE (Barretina et al., 2012), we establish the cross-validation accuracy of miRSCAPE. We demonstrate
miRSCAPE's superior accuracy relative to several alternatives, notably, miReact. We then validate miR-
SCAPE predictions in multiple independent datasets with experimentally profiled miRNAs in single cells
or purified cell types. In two independent datasets where cell type-specific miRNA profiles for multiple
cell types are available, miRSCAPE accurately infers cell type-specific miRNAs with an average correlation
between predicted and observed inter-cell type fold-difference ~ 0.81. In a single cell miRNA induction
experiment data (Rzepiela et al., 2018), miRSCAPE, trained independently, successfully distinguishes the
cells with miRNA induction. In scRNA-seq data from pancreas and breast cancer, miRSCAPE identifies miR-
NAs associated with specific cellular states such as stemness and epithelial-mesenchymal-transition. We
demonstrate the general utility of miRSCAPE by applying it to scRNA-seq data from pancreatic and lung
cancers and, as a resource, we provide top active miRNAs in 56 cell types in the human cell landscape
(HCL) (Han et al., 2020). In each of these applications, miRSCAPE accurately recapitulated the miRNAs pre-
viously implicated in each of these contexts and in many cases revealed a cell type specific role of individual
miRNAs.

Overall, miRSCAPE is a versatile and robust computational tool to infer miRNA expression from scRNA-seq
data. Application of miRSCAPE to the vast collections of available scRNA-seq will substantially expand our
understanding of gene regulatory networks at cellular resolution. miRSCAPE is freely available as a stand-
alone tool for the community at https://github.com/hannenhalli-lab/miRSCAPE.

RESULTS

Overview of miRSCAPE

Figure 1A illustrates the overall schematic of miRSCAPE. Details are in the STAR Methods section, but
briefly, given a large compendium of paired miRNA-mRNA bulk RNA-seq data (Table S1), for each miRNA
independently, we train an eXtreme Gradient Boosting (XGBoost) model to infer the miRNA expression
based on the global mRNA profile of the sample (STAR Methods). The model accuracy is defined as the
Spearman rank-order correlation between the predicted and the observed miRNA expression in the test
samples, either within a sample across miRNAs or for a miRNA across samples. We establish the superiority
of miRSCAPE relative to alternative approaches, including miReact. We assess miRSCAPE's accuracy in
multiple independent datasets of experimentally profiled miRNAs in cancer cell lines and purified hemato-
poietic cell types, as well as a miRNA induction experiment. In single-cell validation, where miRNA and
mRNA are profiled for multiple cell types, to quantify the model accuracy, we assess the extent to which
the cross-cell-type fold-differences of the predicted miRNA expression values are correlated with those
of the observed miRNA expression values.

miRNA Prediction in bulk data

We first benchmarked the accuracy of miRSCAPE in cancer bulk paired miRNA-mRNA RNAseq gene
expression data from TCGA. We selected 10 cancer types from TCGA having at least a hundred matched
pairs of miRNA and mRNA samples, and in each cancer type independently, we estimated the 5-fold cross-
validation (CV) prediction accuracy of miRSCAPE. To minimize the inclusion of potential false positive an-
notations in MiRNA databases (Fromm et al., 2021), and to maximize the inclusion of relevant miRNAs, we
excluded the miRNAs expressed in fewer than half of the samples within each cancer type. When
comparing the predicted and observed expression of a given miRNA across test samples, miRSCAPE
achieved an accuracy of 0.45 Spearman correlation (STAR Methods) on average, ranging from 0.39 to
0.51 across the 10 cohorts. On average across cancer types, miRSCAPE achieves an accuracy of 0.4 or
higher for 58% of the miRNAs (Figure 1B). We demonstrate that the cross-sample accuracy is sufficient
to identify differentially expressed miRNAs between two cohorts (Figure S1). Although we use Spearman
correlation between predicted and observed miRNA expression to quantify model accuracy, the predicted
values can be interpreted as miRNA expression (Figure S2).
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Figure 1. miRNA Prediction in Bulk Data

(A) miRSCAPE workflow. See text for details.

(B) miRSCAPE miRNA-wise cross-sample accuracy in 10 cohorts. The fraction of miRNAs (yaxis) having cross-validation
accuracy greater than a given cut-off (xaxis).

(C) miRSCAPE accuracy compared with a model based only on the miRNA-containing gene. Accuracy of predicting
intronic miRNAs when the model is trained on their host genes alone (xaxis) is compared with miRSCAPE accuracy based
on all genes (yaxis).

(D) miRSCAPE accuracy comparison using all versus target-only genes as features. In the scatterplots, target-only-based
accuracy (xaxis) is contrasted with all genes-based accuracy (yaxis) for two tissues; each dot represents a miRNA.

(E) Comparison between the accuracy of miReact and miRSCAPE. On a pooled TCGA cohort of five cancer types,
miRSCAPE accuracy (yaxis) is compared with miReact accuracy (xaxis).

Our study is based on the widely used miRBase annotated miRNAs. Recognizing potential false positive
miRNA annotations in miRBase, especially for lowly expressed miRNAs, an alternative curated database
- miRGeneDB, was proposed (Fromm et al., 2021). Interestingly, we found that miRSCAPE cross-validation
accuracies is much greater for the subset of miRNAs annotated in miRGeneDB (Figure S3). Specifically, for
instance, on average across all cancer types the fraction of miRGeneDB-annotated miRNAs achieving an
accuracy of 0.4 or greater was 0.76, compared to 0.58 when all miRNAs in miRbase were considered.
Evolutionary conservation of miRNAs (Bartel, 2004) is utilized in annotating miRNAs to reduce false posi-
tives in the miRbase database. Segregating miRNAs by their conservation as provided in TargetScan v8
(Agarwal et al., 2015), we found that broadly conserved and conserved miRNAs are predicted with higher
accuracy. For example, respectively in liver and colon, 89% and 80% miRNAs were highly predictable
(accuracy > 0.4) compared to 58% and 42% for the rest (Figure S4). Thus, our reported accuracy based
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on miRbase-annotated miRNAs could be considered an underestimate. However, because it is not easy to
ascertain false positives in miRBase, in the following, we include all miRNAs annotated in miRBase for
greater coverage in various downstream analysis; as mentioned above, miRNAs expressed in fewer than
half of the samples were excluded. Next, we investigated various potential correlates of accuracy and
compared the accuracy of miRSCAPE with a number of alternatives.

First, we find a minimal effect of the number of samples on miRSCAPE accuracy (Figure S5). Second, we
found the accuracy to be low, as expected, for very lowly expressing miRNAs but little dependence on
miRNA expression beyond certain point (Figure Sé). Third, half of the known miRNAs reside within an intron
of another gene (Steiman-Shimony et al., 2018). Even though such intragenic miRNAs are expected to be
co-expressed with the host gene, this is not universally true and for a substantial fraction of miRNAs a pre-
vious study found no clear correlation between the miRNA and host gene expression (Tan et al., 2019).
Consistent with this, we find that for the intragenic miRNAs, our full miRSCAPE model far outperforms
the alternative model based only on the host gene (Figure 1C).

Fourth, we compared miRSCAPE, which utilizes all genes as features, with the alternative model based only
on the annotated targets of the miRNA, as was done previously (Israel et al., 2009) (Figure S7). A primary
mechanism by which a miRNA affects its target mRNA is via mRNA degradation, which would imply a nega-
tive correlation between miRNA and the mRNA. However, this expected relation does not always hold
given the variety of mechanisms by which a miRNA affects its target. As shown in Tan et al. (2019), positive
miRNA-gene correlations are common across cancer types. Therefore, we assessed the extent to which a
miRNA's activity is informed by the expression of its known target genes relative to other genes. To this
end, we first compared the fraction of all genes and the fraction of known targets that are highly correlated
with a given miRNA. In three sample cohorts (CCLE, colon cancer, breast cancer), we observe that the
miRNA exhibits a significantly higher fraction of correlation with all genes compared with the known targets
suggesting that non-target genes may contribute significantly to predicting a miRNA's activity (Figure S7).
Next, we directly compared the cross-validation predictability of each miRNA using either only the exper-
imentally known targets or using all genes. Again, as expected from the above, in all three cases, broadly
for all miRNAs, the prediction accuracy using all genes is substantially greater than that achieved based on
known targets alone (Figure S7). We therefore decided to use all genes to predict miRNAs and ascertained
(Figure 1D) that miRSCAPE consistently outperforms the alternative model based only on the annotated
targets of the miRNA.

Finally, we compared miRSCAPE directly (STAR Methods) with a recently published tool miReact (Nielsen
and Pedersen, 2021) that infers a miRNA activity in a sample based on the genome-wide correlation be-
tween miRNA seed match in a gene’s 3’ UTR and the gene’s expression level. As shown in Figure 1E, miR-
SCAPE substantially outperforms miReact; Figure S8 includes the comparison for individual cancer cohorts.
More specifically, in their pan-cancer application, miReact manuscript reports the top 50 most predictable
miRNAs, having an average accuracy of 0.24. By comparison, in our pan-cancer application, the average
accuracy of the top 50 most predictable miRNAs is 0.86. Regulatory networks are known to be highly
context-specific, and consequently, a model trained in one regulatory context is not expected to perform
well on data from a highly diverged context.

In many practical instances, one may want to predict miRNAs in a context/cell type/tissue which was not
covered by the training cohort. We assessed miRSCAPE's applicability in such a scenario in 5 TCGA co-
horts. We trained the model using samples from four of the five cancer types and predicted miRNA
expression levels in the fifth left-out cohort. Across the five cancer types, and across miRNAs, miRSCAPE
achieved an average accuracy of 0.27 (Figure S9). More specifically, on average 33% of miRNAs achieved
an accuracy of 0.4 or higher in the 4 left-out cohort. This fraction was only 0.01 in the breast cancer cohort
when trained on the other four cancer types. Relatively lower performance in breast cancer is consistent
with the fact that the breast cancer samples are transcriptionally the most divergent from other cancers
(Figure S9).

Characterizing broadly predictable miRNAs and important gene features

Next, we assessed the extent to which the highly predictable miRNAs and important features (genes) un-
derlying those predictions are shared across cancer tissues. Figure 2A shows the number of highly predict-
able miRNAs in each tissue at two accuracy thresholds, and Figure 2B shows that, of the 10 tissues, on
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Figure 2. Predictable miRNAs and the contributing gene features

(A) The fraction of miRNAs that are highly predictable for each tissue type at two accuracy cutoffs.

(B) For two different accuracy thresholds to consider a miRNA predictable in a tissue, the plot shows the distribution of the number of tissues (xaxis) in which a
miRNA is predictable in.

(C) Cross-tissue similarity (Jaccard index) in important features.

(D) Top 25 enriched biological processes among the globally most important gene features.

average, each miRNA is predictable with rho >0.3 in 8 tissues and with rho >0.5 in 5 tissues. The XGBoost
algorithm underlying miRSCAPE additionally reports the most important features underlying the predic-
tion of each miRNA (STAR Methods). First, we assessed whether experimentally known targets of a miRNA
are preferentially deemed important by miRSCAPE. Toward this, for a given miRNA, we rank all genes
based on the number of tissues in which the gene is deemed an important feature for the miRNA and
tested, using the Wilcoxon test, whether known targets rank higher than the rest of the genes. Indeed,
we found this to be the case for 67% of the miRNAs. Next, we compared, for each pair of cancers, the
most important features in each cancer type (those that are deemed important for at least 20% of the miR-
NAs in the tissue). As shown in Figure 2C, whereas each cancer has specificimportant features, there is also
a substantive overlap in important features across cancer types (Jaccard similarity ranges from 0.69 to 0.86);
even when we only consider the features deemed important for at least 80% of the miRNAs (Figure S10),
Jaccard similarity remains substantially high, ranging from 0.34 to 0.72. In addition, we observed that tis-
sue-specific important features for a highly predictable miRNA (rho >0.8) are specifically expressed in
the tissue (STAR Methods). Our observations that (1) targets are more likely to be important predictors
and (2) more important tissue-specific features are more highly expressed in the tissue are consistent
with the fact that targets are generally more highly expressed (Figure S11). Lastly, we defined a set of glob-
ally important features as those deemed important for at least 20% of the miRNAs in at least 5 cancer types
and performed functional enrichment analysis. As shown in Figure 2D, the globally important gene feature
genes are largely related to metabolic processes among others.
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Figure 3. Effects of the inter-sample heterogeneity on model accuracy

(A) Comparison of accuracies based on the individual cancer samples versus samples pooled across five cancer types. The histogram (top) shows the
distribution of accuracies for all miRNAs for the pooled samples, and the scatterplot (bottom) compares the accuracy for the pooled model (yaxis) with that
for tissue-specific models (xaxis); each dot represents a miRNA.

(B) Comparison of accuracies for the TCGA cancer samples (xaxis) with those in the normal GTEx counterparts (yaxis).

(C) Comparison of accuracies for the TCGA samples (xaxis) versus those for the samples pooled across TCGA and the normal GTEx counterpart (yaxis).
(D) Cancer versus Normal cross-training and testing accuracy. The scatterplot shows the comparison between accuracies when the model is trained on TCGA
samples and applied to the corresponding GTEx samples (xaxis) with the accuracies when the model is trained on GTEx samples and applied to the
corresponding TCGA samples (yaxis).

Greater sample heterogeneity results in improved model accuracy

To assess the effect of sample heterogeneity on prediction accuracy, we quantified the model performance
on 8,089 samples pooled across five cancer types (brain, breast, colon, liver, and lung). Figure 3A shows
that, across all miRNAs, the pooled model (average CV accuracy: 0.62) performs substantially better
than the cancer type-specific model — the average increase in CV accuracy is 0.2. The improved perfor-
mance is likely because the model can capture the major differences in miRNA and other gene expression
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values across tissue types. This is, however, not explained by the higher sample size in the pooled set
(Figure S5).

Given a greater cross-sample heterogeneity in cancer compared with the healthy counterpart, we
compared the prediction accuracies in five cancer types from TCGA with the accuracies in their healthy
counterparts from GTEx (Lonsdale et al., 2013), as well as with the accuracy on pooled normal and cancer
samples. We excluded miRNAs expressed in fewer than 10% of the samples in either the normal or the can-
cer cohort. As expected, a greater expression variability in cancer results in a more informative model
yielding greater accuracy (Figure 3B), with an average accuracy of 0.34 in cancer and 0.18 in normal sam-
ples. When we pool the normal and the cancer samples, presumably because of the differential expression
between normal and cancer and further increase in variability, the prediction accuracy is substantially
increased to 0.54 on average (Figure 3C); this improved accuracy in the pooled data is consistent with
the results obtained above when pooling multiple tissue types (Figure 3A). We further observed that the
accuracy of a model trained on cancer samples and tested on corresponding normal samples is substan-
tially better than the converse, again implicating greater heterogeneity in cancer on model accuracy (Fig-
ure 3D). However, consistent with our leave-one-tissue-out benchmarking above (Figure S9), we observed
that the cross-cohort accuracy is lower than within-cohort cross-validation accuracy, suggesting substan-
tive transcriptional and regulatory differences across tissues as well as between normal and cancer samples
of the same tissue. Overall, these results suggest the context-specificity of the model as well as a substan-
tive positive impact of sample heterogeneity on the model accuracy.

miRSCAPE accurately predicts cell type-specific miRNA expression

Having established the accuracy of miRSCAPE in the bulk data, next we assessed the extent to which miR-
SCAPE, trained on bulk data, can infer miRNA expression in particular cell types (Figure 4A and STAR
Methods). We tested this in multiple independent datasets where miRNA and mRNA profiles are available
for individual cell types based on either single cell profiling or bulk profiling of purified cell types.

Faridani et al. (2016) (GEO: GSE81287) measured single-cell miRNA expression profiles in the brain (166
cells) and kidney (45 cells). We trained miRSCAPE separately on the bulk brain and kidney cancers from
TCGA and applied the models respectively to the scRNA-seq profiles of brain and kidney cells obtained
from the HCL (Han et al., 2020), after bootstrapping (STAR Methods) yielding inferred cell type-specific
miRNA profiles. We then compared the kidney versus brain fold-change (FC) based on the predicted
miRNA expression with those based on observed miRNA expression from Faridani et al. (2016) Figure 4B
shows that across 262 miRNAs, the predicted and the observed FC are highly correlated (Spearman rho =
0.8). Even when we used a single model trained on the pooled brain and kidney bulk data and applied the
same model to predict the miRNA expression for both kidney and brain scRNA data, miRSCAPE achieved a
high concordance between the predicted and observed FC (Spearman rho = 0.73; Figure 4B).

Faridani et al. also investigate miRNA expression in naive and primed human ES cells and observe that miR-
302 family is more highly expressed in primed cells, whereas the miR-371-3 is more highly expressed in
naive cells. We identified a dataset by Han et al. (GEO: GSE107552) that includes naive and primed human
stem cells mRNA profiles. We applied miRSCAPE trained on the CCLE cohort and predicted miRNA
expression in the naive and primed ES cells. miRSCAPE recapitulates the results of Faridani et al.; mir-
302 predicted expression is higher in primed cells (logFC = 0.38, p-adj = 5.9 x 1072’3), whereas miR-371
is more highly expressed in naive cells (logFC = —1.84, p-adj = 8.4 x 107"%8),

Isakova et al. (2020) have applied Smart-seg-total simultaneously to profile within the same cell both miR-
NAs as well as protein-coding mRNAs in the skin (277 cells), breast (90 cells), and kidney (245 cells). We
trained cell-type-specific miRSCAPE models for skin, breast, and kidney from the samples for the corre-
sponding cancer types in TCGA (STAR Methods) and applied those models to the scRNA-seq data, after
bootstrapping (STAR Methods) to predict cell-type specific miRNA profiles in the three cell types. For each
cell type pair, as above, we compared the FC between the predicted and observed cell type-specific miR-
NAs. As shown in Figure 4C, the Spearman rank correlation coefficient for each of the three comparisons
range from 0.76 to 0.89.

The paired miRNA and mRNA profiling in same cells in the Isakova et al. data provides an opportunity to
assess miRSCAPE accuracy when trained and tested directly on scRNA-seq data. For each miRNA that is
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Figure 4. miRSCAPE validation in independent single cell data
(A) Validation pipeline. A model is learned for the matching bulk data and then miRNA expression is inferred from the
single-cell mMRNA data for individual cell types. To assess miRSCAPE predictability, for each miRNA, the fold-differences
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Figure 4. Continued

between two cell types using the observed and the predicted miRNA expression are estimated, and the two sets of
fold differences are compared across miRNAs using Spearman correlation.

(B) Validation on Faridani et al.data. Scatterplots comparing fold difference across cell types using observed miRNA
expression (Xaxis) and predicted expression (yaxis). The left plot is based on cell type-specific models, and the right plot is
based on a single pooled model, along with Spearman correlation coefficient (R).

(C) Validation on Isakova et al. Refer to B for details. Off-diagonal plots compare two cell types, and the diagonal plots
compare one cell type (row) with the other two cell types pooled.

(D) Validation on ENCODE and McCall et al. Boxplot for miRSCAPE prediction values and the corresponding ROC curves
and the table for auROC values to represent how miRSCPE discriminates the miRNAs with zero and non-zero expression
in 10 ENCODE cell lines.

(E) Validation on hematopoietic cell types. Boxplot for miRSCAPE prediction values and the corresponding ROC curves
and the table for auROC values show the extent to which miRSCAPE discriminates the miRNAs having experimentally
detectable levels of expression from those with no detection in the cell type in 8 major hematopoietic cell types.

expressed in at least 5% of the cells or at most 95% of the cells, using the top 1,000 most variable genes as
features, we trained and tested miRSCAPE, atsingle cell level, in leave-one-out cross-validation. Figure S12
shows that miRSCAPE successfully distinguishes the expressed and unexpressed miRNAs even when
trained directly on single-cell data.

McCall et al. (2017) provide the landscape of human cell-specific microRNA expression in 42 cancer or immor-
talized cell lines (as well as other cell lines and tissues). We identified 10 ENCODE cell lines matching those
profiled in McCall et al. We trained a model on the paired miRNA-mRNA data in 942 CCLE cell lines and pre-
dicted the expression values of 427 miRNAs in each of the 10 cell lines independently based on expression
profiles in ENCODE and compared the predicted miRNA expressions with the measured values in McCall
et al. However, in each cell line, only a small subset of miRNAs have detected (non-zero) expression in McCall
et al. and therefore our standard approach to quantify accuracy based on cross-sample correlation of pre-
dicted and observed values was not feasible. Instead, we assessed miRSCAPE accuracy in two alternative
ways. First, we found that in each cell line, the predicted values of miRNAs with non-zero expression are signif-
icantly (and substantially) higher than those with zero expression (Figure 4D). We assessed the accuracy with
which the predicted values could discriminate the observed miRNAs from the undetected miRNAs in terms of
auROC and again observed a reasonable accuracy across cell lines (Wilcoxon pvalue = 9.3 x 107", average
auROC =0.71, Figure 4D). Second, for each miRNA, we grouped the cell lines as positive (non-zero expression
of the miRNA) and negative (zero expression of the miRNA) and compared the mean expression of positive
and negative groups across miRNAs. miRSCAPE predicted value for positive cell lines was significantly greater
than those for negative cell lines (Paired one-side Wilcoxon pvalue = 1.9 x 1077).

Similar to the above application, next, we assessed miRSCAPE's ability to infer miRNA expression in he-
matopoietic cell types. Because we could not obtain both miRNA and mRNA profiles in human hematopoi-
etic cell types, we instead assessed the extent to which miRSCAPE trained on human bulk data can infer
miRNA activities in mouse hematopoietic cell types. Toward this, we trained miRSCAPE on 151 acute
myeloid leukemia (AML) samples in TCGA. We then obtained transcriptional profiles of >15,000 mouse
cells across 8 major immune cell types from the Zilionis et al. study (Zilionis et al., 2019) (GEO:
GSE127465), pooled and harmonized the data for each cell type, and applied the miRSCAPE model to infer
cell type-specific miRNA activities. Using purified bulk miRNA-seq data for the 8 hematopoietic cell types
(Petriv et al., 2010). As for the McCall et al. dataset, very few miRNAs had non-zero expression in any cell
type, and we followed the same assessment approach as above. For each cell type, individually, we as-
sessed whether the inferred expression of miRNAs could distinguish the miRNAs having experimentally
detectable levels of expression in the cell type from the undetected miRNAs. In all 8 cell types, this was
indeed the case (Wilcoxon pvalue < 2.5 x 1077, average auROC = 0.67); Figure 4E shows the ROC curves
and the auROC values for each cell type, clearly suggesting that a model trained in human bulk data can still
identify cell type miRNAs in the mouse. Second, we compared predicted values of miRNAs in their positive
(non-zero expression) and negative (zero expression) cell lines and found that the miRSCAPE predicted
value for positive cell lines was significantly greater than those for negative cell lines (Paired one-side Wil-
coxon pvalue = 0.03).

As final validations, we assessed whether miRSCAPE could recapitulate miRNA activity in miRNA knock-out
(Loeb etal., 2012) and miRNA induction (Rzepiela et al., 2018) experiments. Loeb et al. (2012) have provided
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Figure 5. miRSCAPE application to single cell data

(A) Application to lung adenocarcinoma. Heatmap for predicted fold changes of the miRNAs (yaxis) in each of the
epithelial (Epi), lymphoid (Lym), and myeloid (Mye) cell types in Primary Tumor ~ Normal (T ~ N) and Metastasis ~ Primary
Tumor (M ~ T) (xaxis). Red represents the upregulated and blue represents the downregulated miRNAs.

(B) Application to Oncogenic states in healthy pancreatic acinar cells UMAP plot for pancreatic acinar cell states based on
their global predicted miRNA profiles.

(C) Feature Plot for the select miRNAs. For selected miRNAs, the predicted expression among the edge and non-edge
acinar cells are depicted.

the mRNA expression data between WildType (WT) and miR-155 deficient (155KO) primary CD4 T cells in
the mouse. We applied the miRSCAPE model for miR-155 trained on 151 human AML samples in TCGA and
predicted the expression of miR-155 in WT (3 samples) and 155KO (3 samples) mouse samples based on
gene orthology mapping (STAR Methods). Despite the fact that a model trained on human data was
applied to mouse samples, we observed significantly lower predicted expression of mir-155 in 155KO rela-
tive to WT (FC = 0.55, Wilcoxon pvalue = 8.54 x 107'9).

Rzepiela et al. (2018) have reported scRNA-seq data before and after induction of miR-199a-5p and miR-
199a-3p in two cell lines. We applied miRSCAPE models for two miRNAs, both trained on CCLE cell lines,
and predicted their expression in the induced and uninduced cells. First, based on filtered, bootstrapped
and pooled single cell data (STAR Methods), in all 4 cases (2 miRNAs in 2 cell types), we observed signif-
icantly higher predicted values in induced cells (log FC = 6.2, 6.0, 5.9, 4.9; all Wilcoxon pvalues < E-72). As a
control, we also predicted the other available miRNAs in the CCLE. We observed that miR-199a-5p and
miR-199a-3p ranked as the top miRNAs in the miR199 cell line and was ranked among the top 5 miRNAs
in the KTN cell line. Next, when we applied the CCLE trained model to single cell transcriptomes, without
pooling multiple cells (STAR Methods), despite data sparsity, we observed significantly higher predicted

10 iScience 25, 104962, September 16, 2022

iScience



iScience

values in induced cells (logFC = 2.6, 2.6, 1.9, 1.5; Wilcoxon pvalues < E—36) consistent with fold changes
observed by Rzepiela et al. In this single cell application, we compared miRSCAPE performance with
that of miReact (STAR Methods). We found that miReact could not consistently infer the upregulation of
miR199 in induced cells (log FC = 0.33, 0.15, —1.00, —1.13).

Overall, in allindependent validations in single-cell or bulk purified cell type datasets, our model trained on
human bulk data, including cross-species application, achieved a high concordance between the predicted
and the observed miRNA expression, firmly establishing the generalizability and robustness of miRSCAPE.

Application of miRSCAPE to scRNA-seq data across a variety of contexts

Having established the accuracy of miRSCAPE via cross-validation and in multiple independent datasets,
we set out to demonstrate miRSCAPE's application to scRNA-seq data. Although XGBoost is designed to
cope with sparse data (Chen and Guestrin, 2016), the extreme sparsity (missing feature values) of typical
scRNA-seq data is a major challenge for XGBoost, and indeed for any machine learning approach. To
this end, we assessed the effects of data sparsity on miRSCAPE's accuracy. To mimic the scRNA data at
fixed read depth (10K, 100K, 1M) per sample/cell, we randomly down-sampled (STAR Methods) sequencing
reads in each test sample and assessed the accuracy as above. We performed the cross-validation analysis
in pooled 5 TCGA cohorts (brain, breast, colon, liver, and lung). As expected, we observed performance
deterioration at lower depth (Figure S13), as was also observed previously (Nielsen and Pedersen, 2021).
However, for high-depth scRNA-seq data with ~100K reads per cell, on average 53% miRNAs could be pre-
dicted with accuracy > 0.4, compared to 87% of miRNAs for the original bulk data. This deterioration in
performance is a limitation of the data and not necessarily of the model. We have discussed this further
below where we showcase a variety of single cell applications of miRSCAPE.

Below, in various single cell applications we follow one of the three strategies. In most cases, to address the
sparsity, we pool transcriptomes of randomly selected subset of cells (of certain type or cell cluster). In one
instance, where our goal was to assess miRSCAPE’s ability to identify miRNAs associated with EMT state,
we pooled the k-nearest neighbors of each cell in the Principal Component space and pooled their tran-
scriptome. Finally, to validate miRSCAPE on a single cell miRNA induction experiment, we apply miR-
SCAPE trained on bulk data directly to single cell transcriptomes. The specifics of these three modalities
are provided in STAR Methods and in context below.

Pancreatic ductal adenocarcinoma (PDAC)

We applied miRSCAPE, trained on TCGA PDAC cohort, to scRNA-seq data in PDAC (Peng et al., 2019)
comprising 57,730 cells from 35 donors. The cell annotations were obtained from Peng et al. (2019) and
here, we focused on three cell types — acinar, normal ductal type 1, and the malignant (Ductal type II) cells.
We applied miRSCAPE to each cell type separately after bootstrapping (STAR Methods) to predict miRNA
expression.

The cell type that gives rise to PDAC is not entirely resolved and both acinar as well as ductal cells represent
likely candidates for the cell of origin for PDAC (Ferreira et al., 2017). We, therefore, compared the differ-
ential mMiRNA expression in the malignant cells relative to acinar and ductal (Type |) cells individually as well
as relative to pooled acinar and ductal cells. Table S2 shows the significantly differential miRNAs in the ma-
lignant cells in all three comparisons.

Based on bulk transcriptomes, Mazza et al. (2017) have reported differentially expressed miRNAs in PDAC
relative to the normal pancreas, of which 39 are included in our study. Table S3, shows all miRNAs identified
as up- or down-regulated in PDAC. Unlike Mazza et al. which compares bulk data, our approach enables us
to compare specifically the malignant cells against normal acinar or the normal ductal (DC1), the two
potential precursors of malignant cells. We consider our result consistent if the Mazza et al. result is reca-
pitulated in at least one of the two comparisons. Overall, 77% (30/39) of the miRNAs were consistently reca-
pitulated in our analysis. As a concordant example, miR-221, identified by Mazza et al. and miRSCAPE, is
known to be upregulated in pancreatic cancer cell lines (Xu et al., 2015; Wu et al., 2020; Papaconstantinou
et al., 2013) and plays a role in invasion, drug resistance, and apoptosis in PDAC (Wu et al., 2020). As a
discordant example, miR-29a has a tumor-suppressive role in PDAC (Dey et al., 2020), and whereas Mazza
et al. failed to identify miR-29A, miRSCAPE predicted miR-29a to be downregulated in malignant cells rela-
tive to acinar cells but surprisingly, upregulated relative to ductal type | cells. This suggests a pleiotropic

¢? CellPress

OPEN ACCESS

iScience 25, 104962, September 16, 2022 1"




¢? CellPress

OPEN ACCESS

and potentially context-specific role, and also suggests acinar cells as potential PDAC cells of origin (Kopp
et al., 2012). It may also explain why it may have been missed in bulk data comparison.

Lung cancer

Next, we applied miRSCAPE to scRNA-seq of lung adenocarcinoma (Kim et al., 2020) consisting of 208,506
cells derived from 44 individuals including 11 biopsies from adjacent-normal tissues, 14 primary tumors,
and 9 metastatic tumors (Kim et al., 2020). Cell cluster annotations were obtained from the original publi-
cation, and here we focus on three cell types - epithelial, lymphoid, and myeloid cells. For each cell type,
separately in normal, primary tumor, and metastatic tumor samples, as above, we pooled randomly
selected cells to predict miRNA expression distributions in each cell type and each condition.

We compared the primary tumors with normal samples and also the metastatic tumors with the primary
tumors separately in epithelial, lymphoid, and myeloid cells and identified the top 20 upregulated and
downregulated miRNAs among 402 miRNAs (Table S4) for each cell type in each comparison. Yanaihara
et al. (2006) have reported a small set of differentially expressed miRNAs in lung tumors relative to normal
controls, of which 6 downregulated and 7 miRNAs were included in our study. Based on our predicted
miRNA expression in the three cell types, we assessed the differential regulation of the 13 miRNAs in pri-
mary tumor versus normal and metastasis versus primary tumor. As shown in Figure 5A, miRSCAPE consis-
tently identifies 6 up and 3 downregulated miRNAs in lymphoid cells, 5 up and 3 downregulated miRNAs in
myeloid cells, 5 up and 5 downregulated miRNAs in epithelial cells.

More generally, miRSCAPE not only recapitulates many of the miRNAs associated with lung cancer, it in fact
reveals their cell type specific roles (e.g., miR-4664 is upregulated specifically in epithelial cells of the tu-
mor), which in some cases is even opposing in different cell types (e.g., miR-328 is downregulated in pri-
mary tumor myeloid cells but upregulated in the metastatic lymphoid cells). Many of our detected tu-
mor-associated miRNAs in immune cells are known to be associated with leukemias, e.g., miR-21.

In lung epithelial cells, miRSCAPE recapitulates the results of Yamada et al. (2013), showing upregulation of
miR-21in lung tumor epithelial cells. However, in contrast to the epithelial cells, miRSCAPE predicts miR-21
as down-regulated in the myeloid cells of the tumor. This may represent a normal immune response consis-
tent with a previous finding that miR-21 inhibition reduces the proportion of myeloid-derived suppressor
cells in lung cancer (Meng et al., 2020). Of interest, miR-21 is also known to promote proliferation in
AML (Li et al., 2019). Furthermore, miRSCAPE identified miR-100 among the top upregulated miRNAs in
tumor myeloid cells, and like miR-21, miR-100 is a known oncomiR for AML (Bai et al., 2012), suggesting
a link between miRNA functions in the lymphoid cells across contexts.

Comparing metastatic and non-metastatic lung adenocarcinomas, Sun et al. (2019) found five miRNAs to be
upregulated in the metastatic tumors, among which miR-210 was included in our dataset. miRSCAPE success-
fully identifies miR-210 among the top 20 upregulated miRNAs in the brain metastasis compared to the pri-
mary tumor in epithelial cells. Similar to epithelial cells, miR-210 is also upregulated in the myeloid and the
lymphoid cells of the primary tumor relative to normal lung samples. In addition, miR-145 is known to be down-
regulated in LUAD patients with brain metastasis (Sun et al., 2019). Consistently, miRSCAPE identifies miR-145
to be downregulated in LUAD patients with brain metastasis, specifically in the epithelial cells.

MiR-328 represents another interesting case. It promotes myeloid differentiation (Beitzinger and Meister,
2010). Eiring et al. (2010) have shown loss of miR-328 in CML. We observed the downregulation of miR-328
in the lung tumor myeloid cells. However, in contrast, miR-328 is upregulated in the lymphoid cells of the
brain metastatic tumors, consistent with Arora et al. (2011) again suggesting a complex, context-specific
role of miRNAs revealed by miRSCAPE.

Analyzing the peripheral blood lymphocytes of pulmonary sarcoidosis (linked with lung cancer), Kiszatkie-
wicz et al. (2016) found significant upregulation of miR-222 and significant downregulation of let-7f in pa-
tients compared to controls. miRSCAPE recapitulates these findings in lung cancer lymphoid cells versus
normal lung lymphoid cells.

Overall, our results suggest that miRSCAPE not only identifies key miRNAs involved in lung cancer it also pro-
vides an opportunity to investigate cell type-specific roles of these miRNAs in the context of lung cancer.
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Epithelial-mesenchymal transition (EMT) cell states in breast cancer

Cook and Vanderhyden (Cook and Vanderhyden, 2020) provide scRNA-seq data for ~5k cells representing
the temporal epithelial-mesenchymal transition (EMT) response in breast cancer. Cell annotations were
derived from the original publication, and we only considered the cells in 0 and 7 days after EMT induction
time points. We pooled nearest neighboring cells as a representative for each cell (STAR Methods) and
applied the miRSCAPE model trained on the TCGA BRCA cohort on these pooled single cell transcrip-
tomes. For each miRNA, we estimated the cross-cell Spearman correlation between the given miRNA's
predicted expression and the EMT score using an established EMT signature (Cook and Vanderhyden,
2020) (STAR Methods). Table S5 includes the top 20 positively and negatively correlated miRNAs.

miR-577 and miR-200a are known to suppress EMT (Mongroo and Rustgi, 2010; Yin et al., 2018). miRSCAPE
predicts these miRNAs as inversely correlated with EMT (Spearman Correlation —0.495 and —0.492, respec-
tively (Mongroo and Rustgi, 2010; Yin et al., 2018)). Zhang et al. (Zhang and Ma, 2012) list 14 miRNAs that
either promote (8 mMiRNAs) or suppress (6 miRNAs) EMT in breast cancer. Among the 6 promoter and 5 sup-
pressor miRNAs included in our study, miRSCAPE recapitulated all 6 promoter miRNAs, and 2 suppressor
miRNAs (correlation values for each miRNA: miR-10b = 0.82, miR-9 = 0.64, miR-155 = 0.62, miR-335 = 0.58,
miR-21 = 0.49, miR-126 = 0.48, miR-31 = —0.06, miR-200 = —0.49). Koleckova et al. (2021) provide 3
downregulated and 9 upregulated miRNAs associated with EMT. Of the 8 miRNAs included in our study,
miRSCAPE correctly predicted 5 (correlation values for miR-182 = 0.67, miR-574 = 0.63, miR-885 = 0.61,
miR-22 = 0.60, miR-185 = 0.26).

Oncogenic states in healthy pancreatic acinar cells

In our previous work (Gopalan et al., 2021), we have identified a subpopulation of healthy pancreatic acinar
cells (termed edge cells) that express markers of various oncogenic programs, including stemness and
pancreatic progenitor program. We obtained the edge and non-edge cell (as annotated in (Gopalan
et al., 2021)) transcriptomes from Peng et al. (2019), obtained bootstrapped representation of the single
cell transcriptome (STAR Methods), and applied miRSCAPE (trained on TCGA pancreatic cancer data) to
predict miRNA expression in the two cell types. Figure 5B shows the two cell populations based on the pre-
dicted miRNA profiles. Importantly, miRSCAPE identified several miRNAs that are differentially expressed
between the edge and non-edge cells (Figure 5C), that have previously been implicated with proliferation
and oncogenesis in pancreatic ductal adenocarcinomas (Ma et al., 2017; Neault et al., 2016; Tang et al.,
2013; LaConti et al., 2011; Ge et al., 2022). A few representative examples are illustrated in Figure 5C.

Predicting miRNAs in 56 human cell types

Finally, we set out to chart a comprehensive global landscape of miRNA expression across all human cell
types profiled via scRNA-seq in the HCL (Han et al., 2020). Our goal was to train a single global model that
captures the co-variation among miRNAs and mRNAs and is uniformly applicable to all cell types. Toward
this, we collected tumor and normal samples across ten diverse tissues from TCGA and GTEx (Table S1),
comprising 13,764 samples. To reduce the sample space without compromising the captured variance,
for each tissue separately, we clustered the tumor and the normal samples using k-means clustering into
100 clusters. We then selected the medoid of each cluster as its representative, yielding 100 samples for
each tissue, with a total of 1,000 samples representing the global variation in the human body. These
1,000 samples were used to build a single global miRSCAPE model.

We obtained scRNA-seq data from HCL (Han et al., 2020), encompassing >700,000 cells across 56 different
cell types comprising 36 adult, 18 fetal, 1 neonatal, and 1 placental sample. We pooled the scRNA-seq pro-
files after bootstrapping (STAR Methods) for each cell type separately and applied the global miRSCAPE
model to each cell type yielding inferred activity distributions of 523 miRNAs across the 56 cell types. The
top 10 upregulated and downregulated miRNAs in each cell type relative to all other cell types are pro-
vided in Table Sé. Figure S14 shows the UMAP plot of the 56 cell types based on the predicted miRNA
expression profiles and miRSCAPE recapitulates previous finding to a reasonable degree. Rie et al. (deRie
et al., 2017) have reported an atlas of miRNAs in a large number of tissue/cell types and specifically pro-
vided, for each miRNA, the tissue/cell type where it has the highest expression. For a handful of tissues,
we checked whether miRSCAPE was able to recapitulate the results in Rie et al. (1) Rie et al. reported
that miR-9 is most expressed in Neural stem cells, miRSCAPE also found that both miR-9-3 (logFC:1.68,
rank:2) and miR-9-1 (logFC:1.42, rank: 6) are enriched in the fetal brain compared to other tissues. (2) Rie
et al. found that miR-23b has the highest expression in the pulmonary artery. Consistently, miRSCAPE
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detected that miR-23b is enriched (logFC:4.77, rank: 48) in the adult heart compared to other tissues. (3) Rie
et al. found that miR-204 has the highest expression in retinal pigment epithelial cells, and miRSCAPE de-
tected that miR-204 (logFC:0.64, rank: 8) is enriched in fetal eyes compared to other tissues. (4) According
to Rie et al. miR-23a, miR-24, and miR-27a are highly expressed in amniotic membrane cells and miRSCAPE
predicted mir-23a (logFC: 1.63, rank:14), miR-24 (logFC:1.42, rank: 26), miR-27a (logFC: 1.08, rank:47) to be
highly and preferentially expressed in the placenta.

Table S7 lists the top 20 differential miRNAs between the fetal and the adult tissues of each type. These
results are meant as a public resource for follow up analyses. As such, knowledge of developmentally regu-
lated miRNAs in individual tissues is relatively limited for us to corroborate our findings. Nevertheless, in
the few tissues where such data are available, miRSCAPE recapitulates previous findings to a reasonable
degree.

Thum et al. (Thum et al., 2007) report 52 upregulated and 40 downregulated miRNAs between human fetal
and adult heart tissue. Of these 46 (30 upregulated and 16 downregulated) were included in our dataset of
human cell atlas (Table S8). Among those 46 genes, miRSCAPE recapitulated 28 upregulated and 10 down-
regulated miRNAs corresponding to a concordance rate of 82.61%.

Tang et al. (Tang et al., 2011) performed a PCR-based quantification of a small set of miRNAs in matched
human fetal and adult organs (including heart, kidney, liver, lung), and reported a handful of miRNAs highly
expressed in the fetal stage in particular organs. For instance, they report that the let-7 family (7a, 7b, 7c,
7days, 7f and 7g) are highly expressed in the fetal stage compared to the adult stage in all organs. Consis-
tently, miRSCAPE predicts upregulation in all let-7 families in fetal heart (logFC = 7.46), kidney (Max logFC =
0.6) and liver (logFC = 2.2). They also observe an overexpression for miR-26a in the fetal lung and kidney.
Consistently, miRSCAPE predicted miR-26a to be upregulated in fetal lung (logFC = 2.04) and kidney
(logfC = 0.5).

Burgess et al. (Burgess et al., 2015) identified 114 upregulated and 72 downregulated miRNAs from fetal to
pediatric stage in liver. Among these, miRSCAPE includes 81 upregulated, 51 downregulated miRNAs.
miRSCAPE correctly recapitulates 65 upregulated, 20 downregulated miRNAs (Table S9).

Williams et al. (Williams et al., 2007) report 9 upregulated and 13 downregulated miRNAs during the
development of human lung. Of these 4 upregulated and 7 downregulated included in our study,
miRSCAPE successfully recapitulates 6 of them. miRNAs (miR-26b = 1.52, miR-370 = —0.14, miR-154 =
—0.22, miR-337 = —0.35, miR-134 = —0.74, miR-199b = —1.48).

DISCUSSION

Single-cell RNA-seq technologies have matured and are routinely used to generate large scRNA-seq data,
effectively capturing protein-coding genes, in a wide variety of contexts. However, analogous technology
specifically for small non-coding RNA sequencing, specifically miRNAs, is significantly lagging and has only
been demonstrated in a handful of cell types (Faridani et al., 2016; Isakova et al., 2020). This has left a sub-
stantial gap in our understanding of miRNA transcriptional dynamics at cellular resolution. To overcome
this limitation, here we report a machine learning tool, miRSCAPE, to predict the miRNA expression in sin-
gle-cell clusters from their genome-wide mRNA profiles.

First, based on paired miRNA-mRNA profiles in ~5,000 samples in TCGA spanning 10 cancer types and
~4,500 samples in the corresponding healthy tissues in GTEx (Lonsdale et al., 2013), we establish the
cross-validation accuracy of miRSCAPE in multiple scenarios. Within a test sample, miRSCAPE can accu-
rately rank miRNAs by expression level (average cross-miRNA correlation in predicted and actual ranks
within a sample ~0.93). For a given miRNA, the correlation between the predicted and the observed
expression across the test samples is 0.45 on average across 10 cohorts which, as we show both in bulk
and in single cell application, is sufficient for an accurate identification of miRNAs that are differentially
expressed between two sets of samples (Figures S1, 4B, and 4C). We demonstrate miRSCAPE's superior
accuracy relative to several alternatives, notably, the only comparable tool — miReact. We validate miR-
SCAPE predictions in multiple independent datasets of experimentally profiled miRNAs in cancer cell lines
(McCall et al., 2017) and purified hematopoietic cell types (Petriv et al., 2010), as well as a miRNA induction
experiment (Rzepiela et al., 2018). Next, in two independent datasets where cell type-specific miRNA
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profiles are available (HEK-GBM (Faridani et al., 2016), naive and primed human stem cell (Faridani et al.,
2016), kidney-breast-skin (Isakova et al., 2020)), along with the mRNA profiles of those cell types, we show
that miRSCAPE, trained on TCGA data, can accurately infer cell type-specific miRNA activities with an
average correlation between predicted and observed inter-cell type fold-difference ~ 0.81. We also
demonstrate that when miRSCAPE is trained and tested on the single cell data directly, without pooling,
miRSCAPE can distinguishes the expressed and unexpressed miRNAs (Figure S12). We further demon-
strate that in scRNA-seq data from pancreas and breast cancer, miRSCAPE can identify miRNAs associated
with specific cellular states such as stemness (e.g., miR-155) and epithelial-mesenchymal-transition (e.g.,
miR-200a), respectively. Finally, we demonstrate the general utility of miRSCAPE by applying it to
scRNA-seq data from pancreatic ductal adenocarcinoma (PDAC), Lung cancers, as well as in 56 cell types
inthe HCL (Han et al., 2020). In each of these applications, miRSCAPE accurately recapitulated the miRNAs
previously implicated in each of these contexts and, in many cases, revealed a cell type specific role of in-
dividual miRNAs. Our tool and the associated freely available software open up the possibility to leverage a
vast compendium of scRNA-seq datasets to understand miRNA activities at cellular resolution.

The mechanistic premise of miRSCAPE is that the miRNA activity is reflected, directly or indirectly, in the global
transcriptomic profiles. However, the global transcriptomic profile reflects not only miRNA activity but several
other cellular features, such as protein activities, metabolite levels, enhancer activity, DNA methylation, etc.,
and in principle, machine learning can predict these other cellular features from the global transcriptomic pro-
files. Thus, the miRSCAPE framework can be extended to estimate these other features at a cellular resolution
if appropriate paired data are available for training the model. It is also worth noting that using protein expres-
sion levels instead of mMRNA levels may result in a better model, however, large cohorts of paired miRNA-pro-
tein expression data are currently not available to train and assess such a model.

One potential limitation in applying miRSCAPE to scRNA-seq data is sparsity of scRNA-seq data. Indeed, at
sequencing read counts of 50-100K read per cell, higher than in typical 10X scRNA-seq data, the perfor-
mance of miRSCAPE deteriorates, as we show above. This is, however, not necessarily a limitation of the
approach, but the data. Even in actual scRNA-seq data, any meaningful biological interpretation is
made at the level of cell clusters and not for individual cells. For instance, although the previous tool miR-
eact was applied to predict miRNA expression in single cells, the authors nevertheless interpreted the pre-
dicted miRNA at the level of cell clusters. The concept of pooling similar cellsinto a ‘pseudo-cell’ in order to
increase the read depth for downstream analysis was recently proposed (Tosches et al., 2018). In fact, a
recent paper (Squair et al., 2021) compared various single cell differential expression methods and found
that the methods that pooled cells in a cluster first had the best performance. All this evidence suggests
that single cell data is best interpreted in terms of groups of cells, and not individual cells. As a practical
matter, this is the approach we have chosen to take. Hence, as a practical matter, we pool cells within a
single cell cluster and apply miRSCAPE to the pooled (and therefore not sparse) transcriptomic profile
to infer miRNA activity at the level of single cell clusters. However, we have shown the efficacy of miRSCAPE
in correctly recapitulating miRNA induction in single cells in Rzepiela et al. data. Furthermore, scRNA-seq
data sparsity is not a major limitation because miRSCAPE can still identify miRNA activity for distinct cell
types or cell states as long as those types or states are discernable based on the scRNA-seq profile by
the standard tool (Hao et al., 2020). To add, the notion of a ‘cluster’ is relative, and in a typical scRNA-
seq application, one can either define clusters at a very high resolution or even pool nearest neighbors
to estimate smoothed miRNA expression values.

miRSCAPE is expected to perform the best when it is trained on a large training set that captures the tran-
scriptional diversity of the specific context it is applied to. However, when precise cell or tissue type data is
not available, one can consider a closely matching context for training. In a situation where multiple cells or
tissue types are involved, a global model spanning all such contexts can be useful (as in our HCL applica-
tion), with a small loss in performance compared to context-specific models, as demonstrated in our HEK-
GBM validation (Figure 4B). When the training context is very different from the application context, a more
substantive loss in performance is expected, as quantified in Figure S9. However, when using a global
model, loss in performance may be compensated by the ability to uniformly apply a single model, making
the inferences in specific sub-contexts directly comparable.

Overall, miRSCAPE enables studying the miRNA transcriptional dynamics in a vast variety of contexts where
scRNA-seq data has been profiled, from development to homeostasis to diseases including cancer. We

¢? CellPress

OPEN ACCESS

iScience 25, 104962, September 16, 2022 15




¢? CellPress

OPEN ACCESS

have comprehensively benchmarked miRSCAPE and demonstrated its utility in multiple contexts and made
the tool freely available. miRSCAPE thus represents an impactful advance toward leveraging the scRNA-
seq data to expand our understanding of transcriptional dynamics at cellular resolution. miRSCAPE is avail-
able at https://github.com/hannenhalli-lab/miRSCAPE.

Limitations of the study

miRSCAPE has a few limitations. The first one is that unlike previous approaches that are based on pre-
sumed targets of the miRNA and do not require specific training, miRSCAPE needs to be trained on a large
cohort of paired miRNA-mRNA data. The second potential limitation is context-specificity of the model.
miRSCAPE is expected to have slightly reduced accuracy when the cellular/tissue context of the application
sample does not perfectly match those of the training cohort. In such case we recommend a pan-context
model that we have provided. Lastly, when applying to scRNA-seq data, given the large dropout rate, a
pre-trained model may not work and miRSCAPE needs to be retrained using only the genes that are de-
tected at a reasonable level in the specific scRNA-seq data.

DISCLAIMER

The content of this publication does not necessarily reflect the views or policies of the Department of
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Cancer bulk RNA-seq TCGA https://portal.gdc.cancer.gov

Cancer bulk miRNASeq TCGA https://portal.gdc.cancer.gov

Cell line bulk RNASeq CCLE https://depmap.org/portal/download/
Cell line bulk miRNASeq CCLE https://depmap.org/portal/download/
Normal tissue RNASeq GTEx v8 https://gtexportal.org/home/datasets
Normal tissue miRNASeq GTEx v8 https://gtexportal.org/home/datasets

Small seq scRNA brain, kidney, naive
and primed human ES cells

Smart-seg-total skin, breast, kidney cells

Naive and primed human
stem single cell mRNA

Mouse hematopoietic single cell MRNA
Bulk-purified miRNA

Single cell MRNA PDAC

ScRNA-seq of lung adenocarcinoma

The edge and non-edge

acinar cell state annotation

Single cell RNA-seq for adult and fetal
scRNA-seq data for EMT response in BRCA
Mouse mRNA data

scRNA-seq for miRNA induction experiment

Faridani et al. (2016)

Isakova et al. (2020)
Han et al. (2018)

Zilionis et al. (2019)
Petriv et al. (2010)
Peng et al.,2019

Kim et al. (2020)
Gopalan et al. (2021)

Han et al. (2020)

Cook and Vanderhyden (2020)
Loeb et al. (2012)

Rzepiela et al. (2018)

GEO: GSE81287

GEO: GSE151334
GEO: GSE107552

GEO: GSE127465
N/A
N/A
GEO: GSE131907
N/A

https://db.cngb.org/HCL/index.html.
GEO: GSE147405

GEO: GSE41241

N/A

Software and algorithms

miRSCAPE
miReact

XGboost

Limma

Seurat
miRBaseConverter
sub-Seq
clusterProfiler
Ggpubr

ggplot2

plotROC

biomaRt

This paper

Nielsen and Pedersen (2021)
CRAN

Bioconductor

CRAN

Bioconductor

Bioconductor

Bioconductor

CRAN

CRAN

CRAN

Bioconductor

https://doi.org/10.5281/zenodo.6873151
https://github.com/muhligs/miReact
https://cran.r-project.org/web/
packages/xgboost/index.html
https://bioconductor.org/packages/
release/bioc/html/limma.html
https://cran.r-project.org/web/
packages/Seurat/index.html
https://www.bioconductor.org/packages/
release/bioc/html/miRBaseConverter.html|
https://www.bioconductor.org/packages/
release/bioc/html/subSeq.html
https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html
https://cran.r-project.org/web/
packages/ggpubr/index.html
https://cran.r-project.org/web/
packages/ggplot2/index.html
https://cran.r-project.org/web/
packages/plotROC/index.html
https://bioconductor.org/packages/
release/bioc/html/biomaRt.html
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Sridhar Hannenhalli (sridhar.hannenhalli@nih.gov).

Materials availability
This study did not generate new unique reagents.

Data and code availability

This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in
the key resources table.

All original code has been deposited at Github and is publicly available as of the date of publication. DOls
are listed in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

METHOD DETAILS

Data collection

We obtained matched bulk RNA-Seq and miRNA-Seq gene expression data for cell lines (Cancer Cell Line
Encyclopedia, CCLE (Barretina et al., 2012)), normal tissues (GTEx v8 (Lonsdale et al., 2013)), and cancer
(TCGA), respectively from URLs https://depmap.org/portal/download/, https://gtexportal.org/home/
datasets, and https://portal.gdc.cancer.gov/. Fragments Per Kilobase of transcript per million mapped
reads upper quartile (FPKM-UQ) normalized RNA-Seq and reads per million mapped reads (RPM)
miRNA-Seq data is obtained from the TCGA. TPM (Transcripts Per Kilobase Million) normalized RNA-
seq data is utilized from CCLE and GTEx. We selected ten tissues having more than a hundred matched
mRNA and miRNA samples in TCGA and GTEx (Table S1). We used miRNAs that are annotated in miRBase
v21. Experimentally known miRNA target information was gathered from the miRTarBase (Huang et al.,
2020) and intragenic miRNAs and their host genes are obtained from myriad (Hinske et al., 2014). We
used miRGeneDB (Fromm et al., 2021) v2.1 from https://mirgenedb.org/. Conservation information is ob-
tained from TargetScan v8 (Agarwal et al., 2015).

We made use of various single cell mMRNASeq and miRNAseq expression (read count) profiles. Small seq
single cell miRNA expressions were obtained from Faridani et al. (2016) (GEO: GSE81287) and Isakova
et al. (2020) (GEO: GSE151334) studies. Naive and primed human stem single cell mRNA profiles were
downloaded from Han et al. (2018) (GEO: GSE107552). Mouse hematopoietic single cell mMRNA data and
bulk-purified miRNA were collected from Zilionis et al. (2019) study (GEO: GSE127465) and Petriv et al.
(2010) study, respectively. Single cell nMRNA PDAC data were obtained from Peng et al. (2019) and lung can-
cer data was obtained from Kim et al. (2020) (GEO: GSE131907). The edge and non-edge acinar cell state
annotations for the Peng et al. dataset was obtained from (Gopalan et al., 2021). Single cell RNA-Seq with
cell type annotation in the human cell landscape (Han et al., 2020) (HCL) was obtained from https://db.
cngb.org/HCL/index.html. We used the scRNA-seq data and cell annotations from Cook et al. (Cook
and Vanderhyden, 2020) for the epithelial-mesenchymal transition (EMT) responses in BRCA (GEO:
GSE147405). Mouse mRNA data on miR-155 knockout in CD4 T cells are obtained from the Loeb et al.
(2012) (GEO: GSE41241).

For miRSCAPE validation of miRNA induction experiment, the scRNA-seq data in two cell lines with
induced and uninduced annotation were obtained directly from the authors of Rzepiela et al. (2018).

To compare the performance of miRSCAPE with that of miReact, we obtained the prediction accuracy of
each miRNAs (correlation between predicted and observed expression across samples) directly from the
authors of Nielsen and Petersen (Nielsen and Pedersen, 2021).

Model construction and performance evaluation

Figure 1Aillustrates the overall miRSCAPE pipeline. We chose to use Extreme Gradient Boost (XGBoost) as
it designed to cope with sparse data, to reduce overfitting, and for faster training (Chen and Guestrin,
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2016). Given a cohort of paired miRNA and mRNA profiles, we train an Extreme Gradient Boost (XGBoost)
(Chen and Guestrin, 2016) machine learning model that uses the mRNA expression values of all genes as
the features to predict individual miRNA's expression. XGBoost is a decision tree-based ensemble algo-
rithm where new models are iteratively learned to minimize the errors in the previous model using gradient
boosting in the function space. In our implementation, we used the XGBoost library in R language (Chen
and Guestrin, 2016) to predict the miRNA expressions using all genes’ expression values as features. We
applied Grid Search, which is an exhaustive search to find optimal hyperparameters from the predefined
subset of hyperparameters. Our hyperparameter space is provided in Table S10. For the parameters other
than stated in Table S10, we used default parameter settings. To deal with the technological differences
between different datasets, gene expression was (0-1)-normalized within each sample before being
used as features.

Given a large cohort of paired log10-transformed bulk mRNA and miRNA RNAseq data, we evaluated the
model performance based on 5-fold cross-validation which is a resampling method that randomly divides
the data into five equal parts and in each iteration, four parts are used for learning/training whereas the fifth
left-out part is used for test/validation. Model accuracy was evaluated in two ways: (1) within each test sam-
ple, we quantified the Spearman correlation between the predicted and observed expression across all
miRNAs (2) for each individual miRNA, we quantified the Spearman correlation between the observed
and the predicted expression values across the test samples. Note that the first approach simply tests
whether the miRNA rank order based on predicted expression values match the rank order based on
the observed expression in a sample, and admittedly is a simpler task. For validation on single cell data,
we relied on cases where both sc-mRNA and sc-miRNA profiles are available for the same cells or, in
most cases, same cell types. We then predicted cell type-specific miRNA profiles (using the given the
cell type-specific scRNA profiles) and then estimated the fold-difference in expression values for each
miRNA across pairs of cell types; we did this using both the predicted and the observed miRNA expression
values; fold-differences are estimated using the limma package in R (Ritchie et al., 2015). Finally, we quan-
tified the model accuracy as the cross-miRNA Spearman correlation between the observed and predicted
fold-differences. For some of the validations - hematopoietic cell types and cancer cell lines, we assessed
the prediction accuracy by comparing the predicted expression values of the detected and undetected
miRNAs in a given cell type and quantified the accuracy using either the Wilcoxon test or auROC.

For each miRNA, different features make different relative contributions to the model accuracy. We iden-
tified those features for follow-up analyses using the xgb.importance function of the XGBoost library in R
language (Chen and Guestrin, 2016).

Application of the model to scRNA-seq data

To apply a bulk-trained model to scRNA-seq data, we first applied the standard Seurat (Hao et al., 2020)
global scaling normalization method. In all single cell applications, except for the EMT analysis, within a
single cell type, or Seurat cluster, we generated 50 bootstrapped 'pseudo-bulk’ data by sampling without
replacement 80% of the cells and pooling their expression values. For EMT analysis, we carried out the PCA
based on the 1,000 most variable genes. The first 10 PCs were used to compute the neighborhood graph of
cells in PC space. For each (seed) cell, we first identify its 100 nearest neighbors using Euclidean distance
and pooled the expression of those 100 cells as a representative of the seed cell. The EMT scores of each
pooled cell was computed using the AddModuleScore function in Seurat package with genes sourced from
the Hallmark EMT gene set (v7.2) from MsigDB. This is done in order to deal with dropout noise prevalentin
scRNA-seq data as discussed in detail in Discussion. To be able to apply the model trained on bulk data to
the pseudo-bulk data, we ensured that the feature values are (0-1)-normalized, as mentioned above, in
each sample both when training and when applying the model to pooled scRNA-seq data.

When comparing the predicted miRNAs (which, by design, have the same sample-wise expression distri-
bution as bulk miRNA) with observed cell type miRNA (which may follow a different distribution), we
ensured that the observed cell type miRNA expression profile follows the same sample-wise distribution,
by doing a Gaussian transformation to match the bulk miRNA distribution.

Comparing miRSCAPE with miReact in bulk data
Nielsen and Petersen (Nielsen and Pedersen, 2021) provide accuracy of each miRNAs (correlation between
predicted and observed expression across samples) for TCGA. The correlation values of each miRNA were
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obtained directly from the authors. miReact distinguishes the mature miRNAs based on the arm informa-
tion (-3p and -5p) for the targets and there can be more than one miRNA expression for a given miRNA in
TCGA. Therefore, one precursor miRNA can have multiple correlation values associated with it. To deal
with these cases, we converted the mature miRNA names to precursor names using miRBaseConverter
(Xuetal., 2018) R package. If there were more than one matching for the same precursor miRNA, we consid-
ered the average correlation across the mature miRNAs mapping a precursor.

Validation of miRSCAPE in miRNA induction experiment

Rzepiela et al. (2018) have reported scRNA-seq data before and after induction of miR-199a-5p and miR-
199a-3p in two cell lines. We obtained scRNA-seq transcriptomic profiles directly from the authors. The
data was provided as a Gene x Cell expression matrix. One of the “genes” corresponded to the GFP
tag indicative of miRNA induction; the higher the expression of GFP, the greater the induction. For each
of the two cell types (11999 and i199-KTN1) independently, we divided up the cells into ‘uninduced’ (no
detectable expression of GFP) and ‘induced’ based on top 20% expression of GFP. We then applied miR-
SCAPE models for two miRNAs - miR-199a-5p and miR-199a-3p, both trained on CCLE cell lines, and pre-
dicted their expression in the induced and uninduced cells, using two strategies. In the first bootstrapping
strategy, we generated pooled expression data using bootstrapping (STAR Methods) and predicted the
miRNA expressions in these pooled transcriptomes using the CCLE-trained model and compared the pre-
dicted expressions of each miRNA between the induced and uninduced cells using Wilcoxon one-sided
test. In the second strategy, we applied the CCLE-trained model directly to single cell transcriptomes
(without any pooling of cells). Toward this, we retained only the cells having number of detected genes
among the top 25% of all cells. Based on the genes that were detected in at least 25% of these cells, we
retrained miRSCAPE models for the two miRNAs in CCLE and predicted the miRNA expression in single
cell and compared them between the induced and uninduced cells using Wilcoxon one-sided test.

Data downsampling

To assess miRSCAPE performance in typical scRNA-seq data, characterized by small library size, in each
sample we randomly selected a prespecified number of reads (library size) and re-quantified the gene
expression using sub-Seq R package (Robinson and Storey, 2014). This approach captures reads for
each gene proportional to their expression in the bulk data.

Analysis of tissue-specific gene features

Here we compared the tissue-specific models for a given miRNA that is highly predictable among 10
different tissues. For a given miRNA , and a pair of tissues T1 and T2 where p is highly predictable (rho
>0.8), we identified the important features for p, as reported by XGBoost, unique to each tissue. We
then checked whether the tissue-specific important features for p had a higher expression in the tissue
where they were deemed important relative to the other tissue where they were not. Across 1,968,990
(1, T1,T2) triplets we tested, we found that on average tissue-specific important features had 1.6-fold
greater expression in the tissue where they were deemed important relative to the other tissue.

QUANTIFICATION AND STATISTICAL ANALYSIS

Allbiological functional analyses were performed with enrichGO function in clusterProfiler (Yu et al., 2012) R
package. Figures are generated using the gghistogram, ggscatter, ggboxplot functions of ggpubr, and
ggplot2 (Wilkinson, 2011) R packages, and ROC plots are created by ggplot2 extension for ROC curves plo-
tROC (Sachs, 2017) R package with geom_rocfunction. To convert the miRNA gene names, we utilized miR-
BaseConverter (Xu et al., 2018) R package's miRNA_MatureToPrecursor or miRNA_PrecursorToMature
functions where it is appropriate for the miRNA set and getBM function in biomaRt (Durinck et al., 2009)
R package to convert the gene names. ScCRNA analyses, generation of UMAPs, and Feature plots are
performed using standard pipeline of the Seurat (Hao et al., 2020) R Package. We used Jaccard index to
measure cross-tissue similarity in important features and one-sided Wilcoxon test to assess the prediction
accuracy by comparing the predicted expression values of the detected and undetected miRNAs in a given
cell type for some of the validations. Specific test used is mentioned in the context.
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