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miRNAs are a large class of noncoding RNAs that 
post-transcriptionally regulate gene expression1 and are 
critical for proper immune cell development and func-

tion2–4. Identification of the miRNA expression profile of each 
immune cell is an important goal towards understanding the regu-
latory network of the immune system. Molecular profiling has been 
carried out to determine the miRNA profiles of different immune 
cells5–13, which has aided in the identification of biologically relevant 
miRNAs. However, most of these studies tended to focus primar-
ily on closely related hematopoietic populations, such as B and T 
lymphocytes or macrophages5,6,9–11,13, and this limits possibilities for 
comparative analysis across the immune system.

Even less well characterized is the promoter and enhancer land-
scape that controls the miRNA expression states of immune cells. 
Certain studies have identified some of the cis-regulatory elements 
controlling the expression of specific immune-functioning miR-
NAs, such as miR-223 (refs. 14,15), miR-146a16 and miR-181 (ref. 17). 
While these and other studies have provided insights into the reg-
ulation of particular miRNAs in specific cellular contexts, global 
analyses of miRNA cis-regulation have been limited. miRNA pro-
moter and enhancer sites have been mapped by inference, using his-
tone modifications and other molecular data, or by using empirical 
sequencing-based methods in cells with limited Drosha activity18–23. 
However, these studies were performed mostly in cell lines or bulk 
tissues and generally lacked paired measurements of mature miRNA 
abundance and regulatory element activity, precluding opportunities 

to link specific cis-elements to miRNA expression. Thus, we currently 
lack an understanding of the cis-regulatory elements controlling 
miRNA expression and their activity patterns in the immune system.

Here we built a resource of miRNA expression profiles from 
63 primary mouse immune cell populations spanning hematopoi-
etic and stromal lineages, and connected these profiles to open 
chromatin regions (OCRs). miRNA complexity in each cell type 
was relatively low, with >90% of the miRNA compartment of each 
population comprised of <75 miRNAs; however, each cell type and 
cell state had a unique miRNA signature. An integrated analysis 
of miRNA expression with chromatin accessibility across immune 
cells established the active miRNA promoter and enhancer land-
scape of the immune system. This revealed divergent and con-
vergent miRNA-associated cis-regulatory elements used between 
immune populations, and provided evidence of dominant or addi-
tive effects of different promoters for the same miRNA. The use of 
multiple promoters supports a means to reach the high abundance 
required for miRNAs to achieve suppressive activity. In addition 
to public release, these data have been integrated into a web-based 
browser (http://shiny.immgen.org/mirna-browser/) enabling que-
ries of miRNA abundance estimates alone or with respect to pre-
dicted binding sites on individual transcripts.

Results
A miRNA expression atlas of 63 immune populations. To obtain 
an atlas of miRNA signatures across the immune system we isolated 

A microRNA expression and regulatory element 
activity atlas of the mouse immune system
Samuel A. Rose1,2, Aleksandra Wroblewska1,2, Maxime Dhainaut1, Hideyuki Yoshida3, 
Jonathan M. Shaffer4, Anela Bektesevic1,2, Benjamin Ben-Zvi1,2, Andrew Rhoads5, Edy Y. Kim6,7, 
Bingfei Yu8, Yonit Lavin1, Miriam Merad   1,9, Jason D. Buenrostro   10,11, Brian D. Brown   1,2 ✉ and the 
Immunological Genome Consortium*

To better define the control of immune system regulation, we generated an atlas of microRNA (miRNA) expression from 63 mouse 
immune cell populations and connected these signatures with assay for transposase-accessible chromatin using sequencing 
(ATAC–seq), chromatin immunoprecipitation followed by sequencing (ChIP–seq) and nascent RNA profiles to establish a map 
of miRNA promoter and enhancer usage in immune cells. miRNA complexity was relatively low, with >90% of the miRNA 
compartment of each population comprising <75 miRNAs; however, each cell type had a unique miRNA signature. Integration 
of miRNA expression with chromatin accessibility revealed putative regulatory elements for differentially expressed miRNAs, 
including miR-21a, miR-146a and miR-223. The integrated maps suggest that many miRNAs utilize multiple promoters to reach 
high abundance and identified dominant and divergent miRNA regulatory elements between lineages and during development 
that may be used by clustered miRNAs, such as miR-99a/let-7c/miR-125b, to achieve distinct expression. These studies, with 
web-accessible data, help delineate the cis-regulatory elements controlling miRNA signatures of the immune system.

NAtuRE IMMuNoLoGY | VOL 22 | JULY 2021 | 914–927 | www.nature.com/natureimmunology914

mailto:brian.brown@mssm.edu
http://shiny.immgen.org/mirna-browser/
http://orcid.org/0000-0002-4481-7827
http://orcid.org/0000-0001-9958-3987
http://orcid.org/0000-0002-3670-8778
http://crossmark.crossref.org/dialog/?doi=10.1038/s41590-021-00944-y&domain=pdf
http://www.nature.com/natureimmunology


ResouRceNature ImmuNology

Table 1 | Cell types profiled

Cell type Abbreviation organ Markers Gender

Peritoneal macrophages MF.PC Peritoneal cavity ICAM2+F4/80+ Male

Peritoneal macrophages + 
poly(I:C)

MF.pIC.PC Peritoneal cavity ICAM2+F4/80+ Male

Peritoneal macrophages MF.fem.PC Peritoneal cavity ICAM2+F4/80+ Female

Microglia MF.microglia.CNS Brain CD45+F4/80+CD11b+ Male

Lung macrophages MF.Alv.Lu Lung F4/80+CD11c+SiglecF+ Male

Lung macrophages + poly(I:C) MF.pIC.Alv.Lu Lung F4/80+CD11c+SiglecF+ Male

Spleen macrophages MF.RP.Sp Spleen F4/80+CD11b+CD11cinter Male

LI macrophages MF.LI Large intestine CD11b+CD64+CD11cinter Male

SI macrophages MF.SI Small intestine CD11b+CD64+CD11cinter Male

Ly6Chigh monocytes Mo.6C+II–.Bl Blood B220–CD3–Ly6G–CD115+CD11b+Ly6Chi Male

Ly6Clow monocytes Mo.6C–II–.Bl Blood B220–CD3–Ly6G–CD115+CD11b+Ly6Clo Male

Ly6Chigh monocytes Mo.6C+II–.BM Bone marrow B220–CD3–Ly6G–CD117–CD115+CD11b+Ly6Chi Male

Dendritic cells DC.Sp Spleen TCRb–B220–CD11c+MHCIIhighFlt3+ Male

Neutrophils GN.Sp Spleen TCRb–B220–CD11c–Gr1+ Male

Neutrophils GN.fem.Sp Spleen TCRb–B220–CD11c-Gr1+ Female

Naive peritoneal mast cells MC.PC Peritoneal cavity FcεR1α+CD117+ Male

IgE-sensitized peritoneal mast cells MC.IgE.PC Peritoneal cavity CD45+CD11b–CD11c–CD19–CD4–CD8–FcεR1α+CD117+ Male

IgE-activated peritoneal mast cells MC.IgEX.PC Peritoneal cavity CD45+CD11b–CD11c–CD19–CD4–CD8–FcεR1α+CD117+ Male

CD19+ B cells B.Sp Spleen CD19+IgM+ Male

CD19+ B cells B.fem.Sp Spleen CD19+IgM+ Female

CD19+CD93+CD5+ B cells B.93+.Sp Spleen Ly6C–Ter119–Gr1–CD11c–CD19+CD23–AA4+CD5+ Male

CD19+CD93–CD5+ B cells B.93–.Sp Spleen Ly6C–Ter119–Gr1–CD11c–CD19+CD23–AA4–CD5+ Male

Follicular B cells B.Fo.Sp Spleen CD5– Male

Activated follicular B cells B.Fo.aIgM.Sp Spleen Ly6C–Ter119–Gr1–CD11c–CD19+CD23+AA4–CD5– Male

B1a B cells B1b.PC Peritoneal cavity CD19+CD5+CD43+ Male

Activated B1a B cells B1b.aIgM.PC Peritoneal cavity CD19+CD5+CD43+ Male

Thymic CD4+CD8+CD3lo DP T.DP.Th Thymus CD4+CD8+CD3lo Male

Naive CD8 T cells T8.Nve.Sp Spleen TCRb+CD4–CD8+ Male

CD8 T cells CD44– OT-I T8.OT1.Sp Spleen B220–CD4–MHCII–NK1.1–Gr-1–CD8+CD44–CD45.1+ Male

CD8 T cells KLRG1–

CD127+ + LisOVA, day8
T8.MP.LisOVA.d8.Sp Spleen B220–CD4–MHCII–NK1.1–Gr-1–CD8+CD45.1+KLRG1

+CD127+
Male

CD8 T cells 
KLRG1+CD127– + LisOVA, day8

T8.TE.LisOVA.d8.Sp Spleen B220–CD4–MHCII–NK1.1–Gr-1–CD8+CD45.1+KLRG1–

CD127+
Male

CD8 memory T cells KLRG1–127+ + 
LisOVA, day 60

T8.mem.LisOVA.d60.
Sp

Spleen B220–CD4–MHCII–NK1.1–Gr-1–CD8+CD45.1+KLRG1–

CD127+
Male

Naive CD4 T cells T4.Nve.Sp Spleen TCRb+CD4+CD8– Male

Activated T4 T4.Vb8+.SEB.Sp Spleen TCRb+CD4+CD8–Vb8+ Male

Activated T4 T8.Vb8–.SEB.Sp Spleen TCRb+CD4+CD8-Vb8– Male

Regulatory T cells Treg.4.25hi.Sp Spleen TCRb+CD4+CD25+ Male

Regulatory T cells Treg.4.FP3+.Co Large intestine CD4+CD25+FoxP3+ Male

Naive Tgd Tgd.Sp Spleen CD8–CD19–Gr-1–Ter119–TCRb–TCRgd+ Male

Tgd CD27+ Tgd.27+.LN Lymph nodes TCRgd+CD27+ Male

Tgd CCR6+ Tgd.CCR6+.LN Lymph nodes TCRgd+CCR6+ Male

Tgd CD27+, activated Tgd.27+.aCD3.LN Lymph nodes TCRgd+CD27+ Male

Tgd CCR6+, activated Tgd.CCR6+.aCD3.LN Lymph nodes TCRgd+CCR6+ Male

NKT cells NKT.Sp Spleen CD8–CD19–Gr-1–Ter119–NK1.1interTCRbinter: replicates 1–3 Male

CD1d–tetramer+ (loaded with αGalCer): replicates 4–5

NKT cells 50-μg LPS, 3 h NKT.Sp.LPS.h3.50 Spleen CD1d-tetramer+ (loaded with αGalCer) Male
Continued
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63 populations of immune and stromal cells (Table 1). This included 
cells in steady state, as well as the same populations isolated after 
injection of a pathogen, pathogen-associated molecule or other 
stimuli. All cells were isolated according to a standard ImmGen 
protocol and double-flow sorted for improved purity.

miRNA profiling was performed by quantitative PCR (qPCR) 
array to measure the expression of 923 different miRNAs. qPCR 
was chosen because it was reported by the miRQC study to have 
the highest sensitivity and specificity with the lowest input require-
ment for miRNA profiling, including comparisons with sequenc-
ing24. Although qPCR cannot be used for discovery of new miRNAs, 
sequencing-based approaches are prone to biases that affect abso-
lute miRNA quantification25,26. Because all conserved mammalian 
miRNAs have probably been discovered1, we opted to focus on 
quantification of known miRNAs to expand the cellular catalog and 
to integrate these results with orthogonal datasets. Importantly, the 
923 miRNAs analyzed represent the vast majority of confidently 
annotated and conserved miRNAs.

Data were normalized by creating a scaling factor across sam-
ples based on the arithmetic mean of all miRNA assays. Threshold 
cycle (Ct) values of expression were converted to linear units (arbi-
trary units, AU) by calibration to the limit of reliable detection as 
determined by a standard curve of ten different synthetic miRNAs, 
and by inter-replicate variability (Extended Data Fig. 1a,b and 
Supplementary Table 1). Importantly, standard curves showed no 
clear amplification or detection differences, indicating little bias 
and supporting the reliability of the platform. Finally, we per-
formed an in vivo sensor assay, as previously described27, to mea-
sure suppressive activity on a target transcript in relation to miRNA 
expression levels (Extended Data Fig. 1c). This indicated that miR-
NAs expressed >32 AU were capable of suppression in vivo, and 
that our abundance measurements were correlated to suppressive 
activity for multiple miRNAs across cell types (Extended Data  
Fig. 1d,e). The data generated here represent the broadest available 
compendium of standardized miRNA expression values for mouse 
immune cells.

The miRNA compartment of immune cells is low complexity. 
Of 923 mature miRNAs assayed, we detected 442 in at least one cell 
type. On average, each cell type expressed ~185 unique miRNAs at 
an expression level within the reliable range of detection (>1 AU; 
Fig. 1a), consistent with prior studies using both sequencing and 
qPCR5,6. Considering a more stringent high-abundance expression 
cutoff corresponding to detectable suppressive activity in the in vivo 
suppressor assay (>32 AU), the average miRNA compartment of 
each immune population comprised ~50 unique miRNAs (Fig. 1a). 
It is worth noting that there may be miRNAs reliably detected at 
lower abundance (1–32 AU) that are highly expressed in an unchar-
acterized subpopulation but, even for a subpopulation present 
at 10%, miRNAs detected <4 AU would still be below or close to 
threshold. Cumulative proportional abundance distributions indi-
cated that >75% of the total miRNA molecules within a cell type 
contained <25 mature species of miRNA, with >50% of mature 
miRNAs within most immune cell types explained by the five most 
highly expressed miRNAs (Fig. 1b and Extended Data Fig. 1f). 
These data suggest that the active miRNA compartment of immune 
cells is smaller and less complex than may be generally appreciated.

Unique miRNA signatures in immune and stromal populations. 
Despite the low complexity of abundant miRNAs within immune 
cells, differentiating features were present across all cell types and 
states profiled. miRNA coexpression profiles segregated primarily 
with respect to developmental lineage (Fig. 1c). A small number of 
miRNAs was enriched in the three main lymphoid lineages relative 
to each other, in addition to miR-125a-5p being present in natural 
killer (NK) and T cells but not in B cells (Fig. 2a). Notably, myeloid 
cells showed substantial variation with respect to both tissue and cell 
type. Mast cells clustered distinctly from all other cell types while 
macrophages had differences across tissues, of which the most dis-
tinct were lung macrophages and microglia. Amongst the various 
tissue-resident macrophages we identified 11 miRNAs specifically 
enriched in lung macrophages, 11 in microglia, five in intesti-
nal macrophages and two in peritoneal cavity (PC) macrophages 

Cell type Abbreviation organ Markers Gender

NKT cells 165-μg LPS, 3 h NKT.Sp.LPS.h3.165 Spleen CD1d-tetramer+ (loaded with αGalCer) Male

NKT cells 50-μg LPS, 1 day NKT.Sp.LPS.d1.50 Spleen CD1d-tetramer+ (loaded with αGalCer) Male

NKT cells 165-μg LPS, 1 day NKT.Sp.LPS.d1.165 Spleen CD1d–tetramer+ (loaded with αGalCer) Male

NKT cells 50-μg LPS, 3 day NKT.Sp.LPS.d3.50 Spleen CD1d–tetramer+ (loaded with αGalCer) Male

NKT cells 165-μg LPS, 3 day NKT.Sp.LPS.d3.50 Spleen CD1d–tetramer+ (loaded with αGalCer) Male

Spleen NK NK.Sp Spleen CD8–CD19–Gr-1–Ter119–NK1.1+ Male

Spleen NK, infected (MCMV) NK.MCMV.Sp Spleen CD8–CD19–Gr-1–Ter119–NK1.1+ Male

DX5+ NK cells, steady state NK.49b+.Lv Liver NK1.1+CD49b+ Male

DX5+ NK cells, infected (MCMV) NK.49b+.MCMV.Lv Liver NK1.1+CD49b+ Male

DX5– NK cells, steady state NK.49b–.Lv Liver NK1.1+CD49b– Male

DX5– NK cells, infected (MCMV) NK.49b–.MCMV.Lv Liver NK1.1+CD49b– Male

Fibroblastic reticular cells FRC.SLN Lymph nodes CD45–gp38+CD31– Male

Blood endothelial cells BEC.SLN Lymph nodes CD45–gp38–CD31+ Male

Lymphatic endothelial cells LEC.SLN Lymph nodes CD45–gp38+CD31+ Male

Double-negative DN.SLN Lymph nodes CD45–gp38–CD31– Male

FRC, LCMV activated FRC.LCMV.SLN Lymph nodes CD45–gp38+CD31– Male

BEC, LCMV activated BEC.LCMV.SLN Lymph nodes CD45–gp38–CD31+ Male

LEC, LCMV activated LEC.LCMV.SLN Lymph nodes CD45–gp38+CD31+ Male

DN, LCMV activated DN.LCMV.SLN Lymph nodes CD45–gp38–CD31– Male

Table 1 | Cell types profiled (continued)
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(Fig. 2b). Some signatures reflected tissue context, such as expres-
sion of the inflammation-induced miRNA miR-155-5p3 in intesti-
nal macrophages. Seven miRNAs (miR-1264-3/5p, miR-1298-5p, 
miR-764-5p, miR-448-3p and miR-1912-3/5p) expressed exclu-
sively by lung macrophages that map to the intronic sequence of 
a single gene, Htr2c. Interestingly, while the expression of Htr2c 
is relatively modest within the coding transcriptome of lung mac-
rophages (Extended Data Fig. 2b), the Htr2c miRNA cluster was 
amongst the most highly expressed miRNAs in these cells, implying 
that the dominant role of the locus may be miRNA output.

miRNA profiles of mature, steady-state T cell subsets were ~90% 
correlated (Extended Data Fig. 2a), although a small set of miRNAs 
distinguished each of the different populations (Fig. 2c). Of these, 
several were enriched in one subset of T cells, including miR-223, 
which was specific for γδT cells, and the miR-15/16 cluster found 
downregulated in iNKT cells. Tissue of residence had variegated 
effects across lymphoid cells, where colonic regulatory T cells (Tregs) 
showed large differences from splenic Tregs but NK cells from the 
liver and B cells from the PC were generally similar to their splenic 
counterparts (Fig. 1c). Tregs from the large intestine had changes 
in miRNAs linked to regulation of T cell activation and differen-
tiation, such as the miR-23~27~24 clusters28 and miR-342 (ref. 29)  
(Extended Data Fig. 2c), possibly reflecting tissue-specific regula-
tion of these processes or T cell activation levels within the gut.

Twenty-two miRNAs showed consistent changes in three or 
more perturbation conditions. miR-155 and miR-147 were upregu-
lated in a broad set of stimuli consistent with expections30, the miR-
132/212 cluster was most induced in both B cell populations treated 
with anti-IgM, several miR-17 family members were upregulated 
in liver NK cells after mouse cytomegalovirus (MCMV) infection 
and NKT cells treated with LPS, and miR-7 was notably induced 
in several stromal populations following lymphocytic choriomen-
ingitis virus (LCMV) infection (Fig. 2d and Extended Data Fig. 2d). 
Additionally, miR-423-3p and miR-342-3p appeared to be down-
regulated across many perturbations, a trend previously observed 
for miR-342-3p in T cells31.

Given the breadth of our study, we also sought miRNAs with 
highly restricted expression. To identify cell-specific miRNAs, the 
tissue specificity index Tau (τ) was calculated for all expressed miR-
NAs in steady state. We identified 31 miRNAs having high τ scores 
(>0.92), with >45% of their abundance confined to a single cell type 
(Fig. 2e). Several of these may represent tissue-dependent expres-
sion patterns where our dataset had only one representative cell 
type. For example, miR-9-5p was highly restricted to microglia and 
is reported to be expressed by other cells in the brain32. However, 
other miRNAs were found to be predominately expressed in specific 
cell subsets from a repeatedly sampled tissue, such as miR-138-5p in 
dendritic cells (DCs) from the spleen and miR-214-3p in fibroblas-
tic reticular cells (FRCs) from the lymph node.

These data identify unique miRNA modules between immune 
cell types which, in some cell types, include the expression of highly 
specific miRNAs.

The miRNA promoter/enhancer landscape of the immune sys-
tem. As noted, there has been relatively little examination of the 
genome-wide regulatory landscape of miRNAs in the immune 
system. To address this gap, we integrated miRNA expression pro-
files with chromatin accessibility data from a parallel study includ-
ing assay for a transposase-accessible chromatin using sequencing 
(ATAC–seq) profiles of 90 immune cell populations33 (http://rstats.
immgen.org/Chromatin/chromatin.html). To map promoter usage, 
we overlaid the ATAC–seq data onto well-established miRNA tran-
scriptional start site (TSS)/promoter annotations. The annotations 
were based on seven separate sources that used inference- and 
sequencing-based methods18–22, as well as overlapping host tran-
scripts from Gencode34. To ensure promoter function in immune 
cells, we used available biochemical data (Methods) in populations 
similar to those in our ATAC–seq analysis, including histone mark 
chromatin immunoprecipitation sequencing (ChIP–seq), RNA 
polymerase II (POLR2A) and global run-on sequencing (GRO–
seq) to restrict mapping to annotated promoters enriched with 
H3K4me3 marks, in addition to filtering based on POLR2A activ-
ity and nascent RNA. This identified 1,315 miRNA TSS/promoter 
OCRs connected to 323 miRNAs detected in our immune-cell pro-
filing (Extended Data Fig. 3a,b). While not all annotated promoters 
may function as a promoter in every cell type, we did find that in 
similar populations there were nascent transcripts spanning from 
promoter/TSS to miRNA at the vast majority of annotated miRNA 
promoters found open (1,398/1,653 promoter-to-miRNA connec-
tions), supporting their function as promoters in immune cells. 
Annotated promoter OCRs within 2 kb of each other were further 
grouped into distinct promoter regions for subsequent analyses.

To identify distal cis-regulatory elements (dCREs), such as 
enhancers, that control miRNA expression we used an approach 
similar to the ImmGen cis-Atlas33. In 22 samples with miRNA 
expression and ATAC–seq data (Extended Data Fig. 3c), the accessi-
bility at OCRs within 100 kb of annotated miRNA promoter regions 
was tested for correlation with miRNA expression. This yielded 
395 significant associations (adjusted P < 0.1) for 140/344 miRNAs, 
the majority of which (331/395) were positive correlations and thus 
represent potential enhancer elements of the miRNA (Fig. 3a). 
Most of the associated dCREs tended to be in close proximity to a 
miRNA TSS/promoter, with >50% of dCRE associations occurring 
within 15 kb of the promoter (Extended Data Fig. 3d). Over 95% 
of dCREs were located in a topologically associated domain (TAD) 
with the miRNA promoter, based on TAD boundaries as deter-
mined by Johanson et. al.35 using in situ Hi-C in four cell types also 
analyzed in our study (Extended Data Fig. 3e). Some miRNAs had 
a large number (over ten) of significantly associated open dCREs 
(Extended Data Fig. 3f), potentially representing coordinately acti-
vated domains.

Chromatin accessibility often serves as a proxy for CRE  
activity yet other molecular features, including H3K27ac and tran-
scriptional activity, are more accurate predictors of CRE function. 
Therefore we used public H3K27ac and H3K4me1 ChIP–seq as 

Fig. 2 | Population and cell type miRNA signatures. a, Lymphoid-lineage-enriched miRNAs. Heatmap presents miRNAs enriched in the indicated lineage 
as compared to other lymphoid lineages (limma two-sided adjusted P < 0.05 and log2 fold change (FC) > 1.5). Only one of 13 T cell–enriched miR-466~669 
cluster members is displayed. b, Tissue-resident macrophage-enriched miRNAs. Heatmap presents miRNAs enriched in one tissue macrophage population 
versus at least three out of four other tissue macrophages (limma two-sided adjusted P < 0.1 and log2 FC > 3). c, miRNAs differentially expressed between 
different subsets of T cells. miRNAs were selected based on limma two-sided test, unadjusted P < 0.1 and log2 FC > 1.25, as compared to at least three out 
of the other four populations. * indicates miRNA just below the threshold. For all boxplots in this manuscript, upper and lower border of boxes represent the 
25th and 75th percentile, respectively, and the middle line is the median. Whiskers extend 1.5 × the interquartile range, and points represent values beyond 
the whiskers. n = 3 for Treg, gdT and CD8; n = 4 for CD4; n = 5 for NKT. d, log2 FC of all perturbation comparisons for seven selected, broadly reactive 
miRNAs. Bars are shaded by mean log2 expression in the perturbed samples and are marked with an asterisk if the miRNA was differentially expressed in 
the perturbation (limma two-sided test unadjusted P < 0.05, log2 FC > 1 and expression >4 AU in perturbed or >32 AU in steady-state population). n = 2 
for all steady-state and stimulated populations except steady-state MF.PC (n = 4) and NK.Sp, NKT and B1ab (n = 5). e, Cell-type-restricted miRNAs. Graph 
presents miRNAs with τ > 0.92 and 45% of their total linear abundance in the atlas restricted to a single-cell population.
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well as GRO/precision nuclear run-on sequencing (PRO)–seq 
data (Methods) from similar cell populations to further charac-
terize dCREs (Extended Data Fig. 3c,g), focusing on those whose 

accessibility positively associated with miRNA expression (puta-
tive enhancers). We found that 278/279 dCREs were marked by 
H3K4me1, 273/279 by H3K27ac and 182/279 were transcribed 
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in at least one immune cell type. We observed a strong correla-
tion between accessibility and H3K27ac levels at putative enhanc-
ers (Pearson P = 0.63; Extended Data Fig. 3h), a high proportion 
of activity signals (H3K27ac and nascent transcripts) at accessible 
dCREs when the linked miRNA was at high abundance (Extended  
Data Fig. 3i) and, for 174/331 putative enhancer–miRNA asso-
ciations, there was a significantly positive correlation (adjusted  
P < 0.1) between dCRE H3K27ac levels and expression of the asso-
ciated miRNA. Taken together, accessibility correlation, histone 
mark signatures and nascent RNA support the notion that positively 
associated dCREs are probable enhancers and that activity at these 
dCREs helps control expression of the associated miRNA.

To further corroborate enhancer activity, we selected 12 dCREs 
at the miR-142 and miR-21a loci for functional analysis (Extended 
Data Fig. 4a,b). Each of the elements was cloned into a luciferase 
reporter and transfected into RAW 264.7 macrophages, where 
miR-142 and miR-21a are both highly expressed. Eight of 12 dCRE 
resulted in increased luciferase activity compared to controls, indic-
ative of enhancer activity (Fig. 3b). Although several dCREs did not 
increase luciferase levels, this does not exclude enhancer function 
because enhancer activity assays are limited by the lack of native 
context for the element. Thus, functional analysis of selected dCREs 
supports the likelihood that these elements serve as enhancers.

Our integrated miRNA atlas provided a means to understand 
cis-regulatory regions influencing miRNA abundance. For example, 
ten OCRs correlated with miR-223-3p abundance along with the 
proximal promoter previously described14 (Extended Data Fig. 4c). 
The promoter was accessible in myeloid cells, where miR-223 is 
highly expressed, and also in B cells, where miR-223 expression is 
modest. However, B cells lacked accessibility at an element ~1.5 kb 
upstream of the proximal promoter, which was universally open in 
myeloid cells. Moreover microglia, which express lower levels of 
miR-223 than other tissue macrophages (Fig. 1c), lacked accessibil-
ity at most associated dCREs in contrast to other myeloid cells. This 
was also reflected by lower H3K4me1 and H3K27ac levels at the 
miR-223-associated dCRE in microglia (Extended Data Fig. 4d). 
These features suggest a basal level of transcription driven by the 
miR-223 core promoter, modulated by the use of dCRE with varying 
degrees of specificity in the myeloid lineage.

miR-146a, a negative regulator of nuclear factor-κB signaling16, 
also exhibited differential regulatory element usage. It was generally 
more highly expressed in lymphoid cells at steady state (Fig. 1c), and 
our analysis found a putative enhancer region supported by histone 
mark and nascent RNA signatures in T cells (Fig. 3c and Extended 
Data Fig. 4e). To validate the putative enhancer we used CRISPR to 
excise the predicted element, as well as the annotated miR-146a pro-
moter. We generated ribonuclear protein complexes (RNPs) of Cas9 
with single-guide RNAs targeting flanking regions of the elements 
and electroporated them into primary mouse T cells. This resulted 
in decreased expression of miR-146a in cells where either the pro-
moter or putative enhancer was targeted compared to cells where 
an unrelated gene (B2m) was targeted (Fig. 3d). These experiments 
support the role of the identified dCRE in enhancing expression of 
miR-146a in T cells.

Multi-promoter usage associated with increased miRNA abun-
dance. The miRNA promoter/enhancer landscape indicated that 
most expressed miRNAs had a single annotated promoter region, 
but that 28% (53/191) of conserved miRNAs had multiple annotated 
promoter regions at a single locus (Fig. 4a). Some miRNAs had up 
to five promoter regions, or as many as eight when accounting for 
duplicated miRNA loci (Extended Data Fig. 5a), and miRNAs with 
more than one promoter tended to be more conserved overall. Of 
miRNAs with multiple promoters, 35 were within protein-coding 
genes, long intergenic noncoding RNAs or processed transcripts 
while 18 were intergenic. Though it is known that many miRNAs 
have multiple annotated promoters20,36,37, we are not aware of a global 
analysis examining how chromatin accessibility at these promoters 
relates to miRNA abundance. To assess this, we looked at miRNA 
expression in relation to the number of accessible annotated pro-
moter regions across the genome in each cell type. Strikingly, there 
was a strong trend of increasing average miRNA abundance with 
increasing number of open promoter regions (Fig. 4b; P < 2 × 10−16, 
adjusted R2 = 0.21). At many individual loci we also found similar 
associations, with 25/49 multipromoter miRNAs tested showing 
significant (P < 0.1) relationships between open promoter region 
count and miRNA expression. This included miRNAs with multiple 
promoters at the same locus (miR-99a), duplicated miRNAs with 
individual promoters (miR-19b) and duplicated miRNAs with mul-
tiple promoters at each locus (miR-29b) (Fig. 4c–e).

With further restriction of our analysis to populations where we 
had H3K4me3 ChIP–seq and nascent RNA detection of promoter 
activity, in addition to ATAC–seq, the same trend of additive pro-
moter effects on miRNA expression was observed (Extended Data 
Fig. 5b,c), and it also confirmed multiple active promoter regions at 
specific loci, such as the miR-29a/b-1 cluster (Extended Data Fig. 
5d). These stringent promoter definitions provide a conservative 
estimate that, in a single cell type, a fraction of miRNAs use more 
than one promoter to control expression levels.

While multiple promoter regions may contribute to the overall 
abundance of a miRNA, they probably do so with different efficien-
cies. To study this, we built a stepwise regression model for each 
expressed miRNA with multiple promoters—focusing on nondu-
plicated miRNAs to simplify analyses to dynamics at individual 
loci—relating promoter accessibility to miRNA abundance. In 
19/27 miRNAs tested there was at least one promoter that explained 
a significant (P < 0.1) amount of variability in miRNA abundance. In 
15/17 miRNAs with positive expression–accessibility relationships, 
proximal promoters accounted for more of the variation in miRNA 
abundance levels compared with the most distally annotated pro-
moters (Extended Data Fig. 6). Therefore, at miRNA loci with mul-
tiple active promoters, proximal promoters typically appeared to 
have a greater influence in modulation of miRNA abundance.

One example was miR-21a, which has two promoters: one asso-
ciated with its host gene, Vmp1 and another in an intron of Vmp1, 
which is more proximal to miR-21a37,38. Shared and divergent regu-
latory patterns have been observed previously at these two promot-
ers in human cell lines38. Our regression model found a stronger 
connection between miR-21a expression and accessibility at the 

Fig. 3 | miRNA distal element discovery by oCR and expression associations. a, OCR accessibility to miRNA expression associations across 22 immune 
and stromal populations: 395 significant associations were found (adjusted P < 0.1). Only associations for conserved miRNAs were plotted. Outer circle 
represents the –log10 adjusted P value of the Pearson correlation between an OCR and miRNA. Inner circle represents log10 OCR activities in the indicated 
samples. b, Normalized luciferase signal in reporter-construct-transfected RAW 264.7 macrophages across cis-elements selected through associations in 
a. SV40+ represents the positive control and nc_e1 is a negative control enhancer region; SV40– measures basal promoter (p) activity with no regulatory 
element added. The dashed line indicates mean SV40– signal. n = 3–4 transfections. c, ATAC–seq signal at the miR-146a locus across 22 immune cell 
populations with both ATAC–seq and miRNA measurements. Lane height is standardized across all. e1 corresponds to enhancers targeted by flanking 
sgRNAs in d. d, miR-146a-5p expression measured by qPCR in activated CD4+ T cells following sgRNA–Cas9 RNP electroporation targeting enhancer 1 (e1) 
and the promoter of miR-146a or B2m as control. miR-146a-5p expression was measured at day 5 after treatment, and values were normalized to 5 S rRNA. 
Shown are fold-change values relative to mean expression in control cells (B2m sgRNAs). n = 3 mice, two independent experiments.
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intronic promoter than the distal host gene promoter (Fig. 4f and 
Extended Data Fig. 6a,b), consistent with previous characterizations 
in human cells37,38. In addition, putative enhancer elements were 
also closer to the intronic promoter. To assess the contribution of 
either promoter region to miR-21a abundance, we electroporated 
activated CD4+ T cells with CRISPR–Cas9 RNPs targeting flank-
ing regions of either the proximal or distal promoter. We observed 
a decrease in miR-21a abundance under conditions targeting the 
proximal promoter, whereas editing of the distal (host gene) pro-
moter had little effect (Fig. 4g). Interestingly, editing the proximal 
promoter decreased T cell numbers (Fig. 4h), consistent with the 
role of miR-21a in suppression of apoptosis during T cell expan-
sion39. Although we did not observe a decrease in miR-21a when the 
host gene promoter was targeted, we cannot exclude the possibility 
that this was due to either poor CRISPR efficiency, negative selec-
tion of edited cells or that this promoter has a greater role in other 
cell types. Our results suggest that variation in miR-21a expression 
across immune cells is primarily driven by the proximal intronic 
promoter rather than the host gene promoter.

Duplicated miRNA loci show consistent and divergent activity. 
Duplication of miRNA genes leads to identical mature miRNAs 
arising from distinct loci1. This creates challenges in understand-
ing miRNA regulation, because contributions from each locus can-
not be determined from miRNA expression alone. We sought to 
resolve production sites for duplicated miRNAs using our promoter 
activity map. This revealed different origins of production for the 
same miRNA in different cell types. For example, miR-199a/b-3p 
is expressed predominantly in PC macrophages and fibroblasts and 
has three potential loci for production. OCR analysis suggested that 
PC macrophages have only one active locus (miR-199b) whereas 
fibroblasts show activity at all three loci in the production of 
miR-199a/b-3p (Fig. 5a,b), an observation confirmed by H3K4me3 
and nascent RNA analysis (Extended Data Fig. 7a).

These findings prompted us to examine promoter behavior 
between all duplicated miRNA loci. We calculated the Manhattan 
distance of binarized open/closed values for each promoter at one 
locus compared to all promoter regions at the other locus across all 
ATAC–seq samples in the cis-regulatory atlas. This revealed instances 
of consistent and divergent activity (Fig. 5a,c and Extended Data  
Fig. 7b). miR-16 and miR-30c, two duplicated miRNAs that were 
highly and ubiquitously expressed, had both of their loci open across 
all cells. In contrast, miR-128 had one locus constitutively open 
(miR-128-1) while the other (miR-128-2) had promoters whose 
activity was largely restricted to developing lymphocytes and pro-
genitors (Fig. 5a,d and Extended Data Fig. 8a). This suggests that the 
miR-128-2 locus is responsible for generation of the high expression 
levels observed during lymphocyte development (Extended Data 
Fig. 8b), which is supported by nascent RNA signatures in proB 
cells (Extended Data Fig. 8c). Let-7a, miR-19b/miR-92a (of clusters  

miR-17~92 and miR-106a~363), miR-218 and miR-26a had a simi-
lar dichotomy at their two loci, highlighting the situational nature 
of how many duplicated loci are used. Notably, several of these had 
significant associations between the number of promoter sites used 
and average miRNA expression, implying that parallel control of 
both loci is important for setting of expression levels.

Differential promoter usage between miR-125b paralogs. 
miR-125b is a critical regulator of hematopoietic stem cell mainte-
nance and differentiation and macrophage activation, and has been 
implicated in various hematopoietic malignancies40. miR-125b is 
situated across two paralogous miRNA clusters: miR-100/let-7a-2/
miR-125b-1 on chromosome 9 and miR-99a/let-7c-1/miR-125b-2 
on chromosome 16. There were three annotated promoter regions 
associated with miR-125b-1 and four with miR-125b-2. The two 
loci had similar promoter structures, with several promoters 
able to produce polycistronic host transcripts for all three clus-
ter members41, along with a separate promoter corresponding to 
transcripts specific for miR-125b but not the other cluster mem-
bers. Promoters for the polycistronic transcripts that were active at 
either locus behaved similarly, open early in hematopoietic devel-
opment and extinguished following differentiation into mature 
cell types (Fig. 5a,e,f). Interestingly, miR-125b-specific promoters 
did not behave in the same way (Extended Data Fig. 8d): the miR-
125b-1-specific promoter was open only in fibroblasts while the 
miR-125b-2-specific promoter had an accessibility pattern similar 
to the developmentally regulated distal promoters. Activity at this 
promoter was supported by nascent RNA in thioglycolate-elicited 
macrophages, suggesting an apparent use in myeloid cells under 
certain conditions (Extended Data Fig. 8e). The juxtaposition of 
miR-125b loci highlights lineage- and developmental-stage-specific 
use of certain promoters, and suggests that miR-125b-2 utilizes a 
promoter for independent control from its other cluster members 
across hematopoiesis and certain tissue macrophages.

Discussion
Here we present an atlas of miRNA epigenetic and expression pro-
files across the mouse immune system. By pairing OCR and expres-
sion measurements, we established a wide-ranging map of putative 
CREs controlling miRNA expression within different immune pop-
ulations and uncovered themes of miRNA promoter and enhancer 
use. This sheds light on miRNA cis-regulatory control in immune 
cells and provides a map of miRNA promoter and enhancer element 
usage across the immune system.

miRNA activity is highly dependent on concentration27,42,43, and 
thus it is important that miRNA signatures incorporate abundance 
thresholds. We used several metrics, including an in vivo miRNA sen-
sor assay, to empirically derive a threshold of likely activity. There were 
~50 miRNAs surpassing this cutoff in each cell type while ~185 miR-
NAs were consistently detected above background. Meanwhile, a 

Fig. 4 | Additive effects of multiple miRNA promoters. a, Number of promoter regions at individual loci for expressed miRNAs, colored by TargetScan 
conservation categories. b–e, miRNA expression as compared to its number of open promoter regions. Open is defined as Benjamini–Hochberg-adjusted 
MACS2 P < 0.05; annotated promoter OCRs within 2 kb of each other were merged and summarized to the minimum MACS2 P value and maximum ATAC 
signal. b, Global comparison across all 22 cell types with paired miRNA and ATAC–seq measurements in 236 detected and confidently annotated  
miRNAs with promoter annotations. c–e, Individual miRNA associations for miR-99a-5p (c), miR-19b-3p (d) and miR-29b-3p (e) (n = 22 populations).  
f, Chromatin accessibility at the miR-21a locus in all overlapping populations between miRNA and ATAC–seq profiling, with host gene (Vmp1) and miRNA 
expression at the side. Asterisk indicates missing RNA-seq data. Shaded gray bars indicate promoter sites labeled as p1 for the host gene promoter and p2 
for the intronic promoter; shaded blue bars indicate OCRs correlated with miR-21a expression. Overlaid at the bottom are POLR2A, H3K4me1, H3K4me3 
and H3K27Ac ChIP–seq, and GRO–seq plots from public data on splenic B cells to highlight promoter and enhancer structures. Read density track heights 
are standardized across the 22 ATAC–seq samples in the top portion and normalized within each lane in the bottom portion. g, miR-21a-5p expression 
measured by qPCR on day 4 after sgRNA–Cas9 RNP electroporation and activation. Effects of miR-21a promoter deletion were measured in CD4+ T cells; 
fold changes are relative to mean B2m CD4+ expression (n = 3 mice, three experiments). h, Total T cell counts at day 4 after electroporation/activation 
under conditions targeting miRNA cis-regulatory elements or an off-target control (B2m) (n = 3 mice, three experiments). NA, not applicable. FPKM, 
fragments per kilobase exon per million mapped reads.
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majority of overall abundance was generally explained by five or 
fewer very highly expressed miRNAs. In populations overlapping 
with previously studied cell types, our signatures are consistent5–13 

but provide a more defined thresholding relevant to interpretation 
of gene signatures. To aid in prioritization of miRNAs regulating 
a given target, we also developed an analysis tool incorporating  
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Fig. 5 | Chromatin accessibility patterns at multi-promoter and duplicated miRNAs. a, Promoter region accessibility patterns for six select duplicated 
miRNAs. Colorless boxes represent OCRs not detected above background. For each locus, if the miRNA is on the positive strand, the promoters are 
ordered from furthest to nearest from left to right, with the opposite true for miRNAs on the negative strand. abT, T cells with an αβ TCR; ILC, innate 
lymphoid cell; GN/Mo, neutrophils and monocytes; MF, macrophages. b, IGV plot of miR-199a/b loci in PC macrophages and FRCs. Promoter regions 
highlighted in gray. c, Similarity of promoter region activity across duplicated miRNA loci. Manhattan distance shown for each promoter region at one 
locus as compared to all promoter regions at the other locus across all 87 cis-atlas samples. d, Cis-element accessibility at miR-128-2 locus over T cell 
development. Promoter regions are indicated by shaded gray bars. e,f, Promoter accessibility at miR-125b loci over T cell development and in microglia,  
PC macrophages and fibroblasts. RefSeq transcript tracks for the miR-125b-1 locus (left) and miR-125b-2 locus (right) are shown at the top, with 
zoomed-in views of ATAC–seq read density at annotated miRNA promoter locations in selected immune cell types from T cell development, microglia,  
PC macrophages and FRC stromal cells below. Promoters highlighted as in d.
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our miRNA expression database with miRNA target prediction 
(Transcript-View: http://shiny.immgen.org/mirna-browser/). This 
enhances existing target prediction resources by incorporation of 
abundance information to determine probable functional miRNA 
to target messenger RNA relationships in different cell types.

How proper miRNA concentration is achieved is a central ques-
tion of miRNA biology. Many mechanisms have been described as to 
how this process is regulated, including post-transcriptional regula-
tion of miRNA processing and miRNA degradation by complemen-
tary target RNAs1. Transcription is another major mechanism of 
miRNA control, but surprisingly little is known about the genomic 
elements orchestrating this process for many miRNAs. Through 
analysis of paired OCR accessibility and miRNA expression mea-
surements, we were able to map the miRNA promoter and dCRE 
activity landscape of immune cells. While chromatin accessibility is 
not always a perfect measure of activity at promoters or dCRE, it is 
a useful proxy44. Importantly, we used additional measures, such as 
H3K4me3 and H3K27ac histone marks and nascent RNA, to sup-
port cis-regulatory activity found by ATAC–seq. However, some 
associated OCRs may not be functioning as promoters or enhancers 
but could be structural elements, or, in the case of negatively associ-
ated elements, potential repressors. Association of some elements 
may also result from confounding variation as seen at a certain rate 
in other studies45. However, the many associations between chroma-
tin accessibility, histone mark enrichment and miRNA abundance 
add confidence to our miRNA cis-regulatory map.

Our analysis rediscovered known biology at the miR-223 locus15 
while predicting additional regulatory elements that could provide 
more granular control over miR-223 expression within the myeloid 
lineage. Interestingly, other highly expressed and/or lineage-specific 
miRNAs, such as miR-21a and miR-142, had many dCREs asso-
ciated with their expression as well, with five and 12 associated 
dCREs, respectively, resembling super-enhancer control regions for 
these miRNAs. This may indicate a need for coordination through 
many elements to achieve high expression, redundancy of enhanc-
ers to ensure proper expression or an ability to precisely titrate 
miRNA levels through combinatorial use of dCREs. The plausibility 
of these mechanisms is supported by our reporter assay, showing 
that selected DNA sequences from these regions can independently 
promote transcription. In addition, our analysis identified putative 
regulatory regions for many immune-relevant miRNAs, including 
miR-146a, which was validated by CRISPR–Cas9 editing in primary 
mouse T cells.

Our study indicates that cells have multiple miRNA promot-
ers concurrently active at certain miRNA loci. Other studies have 
reported the presence of several promoters for a given miRNA20,36,37, 
but these studies generally lacked parallel promoter and expres-
sion measurements across a range of cells to assess the relationship 
between the two. Proximal promoters and sometimes certain loci 
(for example, miR-128-2) appeared to have predominant effects 
on miRNA expression levels, extending to functionally dominant 
regulatory effects as observed on T cell expansion after editing of 
the miR-21a proximal promoter. The use of proximal promoters to 
upregulate miRNA expression may be an orientational consequence 
of evolution, supporting a model proposed by Ozsolak et. al. in which 
miRNAs originating from longer host transcripts evolved closer pro-
moters to increase miRNA production efficiency37. In addition to 
reduction of transcriptional distance, these promoters are probably 
associated with regulatory elements and TADs more suited to miRNA 
production than their host transcript, especially for miRNAs whose 
distal promoters are also for protein-coding genes. Characterization 
of these predominant promoters and their associated elements, 
along with cognate transcription factors, will provide insight into the 
mechanisms controlling production of these miRNAs.

While activity at some individual promoters best accounted for 
variance in miRNA levels across immune cells, we also observed 

that a higher number of open promoter regions was associated with 
higher miRNA expression. This suggests a regulatory logic in which 
aggregation of pri-miRNA from several transcriptional initiation 
regions increases miRNA concentration, a phenomenon we found 
generally supported by nascent-RNA-inferred transcription units in 
relevant immune cell types. We and others have suggested that high 
miRNA abundance is probably achieved by the stability of miR-
NAs, which can have a half-life of >48 h (refs. 46,47). This assumption 
partly derived from the fact that abundance of a miRNA could be 
much higher than its host gene, sometimes by more than an order of 
magnitude. The finding that some highly expressed miRNAs prob-
ably have multiple active promoters, and proximal promoters addi-
tional to the host gene promoter, supports a mechanism in which 
parallel transcription also enables miRNAs to reach high cellular 
concentrations. Alternatively, additional accessible promoters may 
switch to serve as enhancers for the same miRNA.

Our analysis revealed cell-type-specific usage of many promoter 
elements, including many duplicated loci with divergent promoter 
activity. In addition to driving miRNA production with varying 
efficiency, the use of alternative promoters allows for a different set 
of parameters to govern miRNA expression under different condi-
tions. It has been demonstrated that various miRNA TSS sites are 
associated with different enhancer elements that can form alterna-
tive responses to stimuli, such as tumor necrosis factor-α (ref. 36). 
Additionally, the use of different TSS sites can also transcribe differ-
ent host genes and pri-miRNAs which, in some cases, may impose 
additional regulation during processing through pri-miRNA ter-
tiary structures48. Differential promoter usage could serve to balance 
associated miRNAs with differing functions. For instance, studies 
have proposed that miR-99/100 and let-7 (miR-125b cluster mem-
bers) may oppose the pro-proliferative role of miR-125b in HSCs 
by negative regulation of transcripts promoting proliferation41. The 
promoter separating miR-125b from polycistronic control could 
enable a shift in the balance between these families of miRNA to 
change the proliferative status of the cell under the right conditions.

The studies described here provide a deeper understanding of the 
miRNome of immune cells and provide a resource for studying the 
regulatory landscape of this important layer of post-transcriptional 
control of immune cell biology.
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Methods
Mice. All cells used for miRNA analysis were obtained from male 6–8-week-old 
C57BL/6J mice from the Jackson Laboratory, used 6–8 days from reception. For the 
miRNA sensor assay, CD45.1 C57BL/6J (B6.SJL-Ptprca Pepcb/BoyCrl) male mice 
were used as donors. Mice were housed in specific-pathogen-free facilities. The use 
of all mice for these studies was in accordance with institutional guidelines, with 
review and approval by the Institutional Animal Care and Use Committee at the 
Icahn School of Medicine at Mount Sinai.

Cell isolation, sorting and culture. Cells were purified according to the 
standardized ImmGen standard operations protocol using the lineage markers 
highlighted in Table 1. Peritoneal cell suspensions were obtained by lavage of the 
peritoneal cavity with 10 ml of cold PBS. Single-cell suspensions were obtained 
by mechanical disruption of tissues followed by erythrocyte lysis using ACK 
buffer (Lonza). Where necessary, tissues were digested at 37 °C for 15 min in 
glucose-containing medium. Cells were sorted using a BD FACSAria IIu cell sorter 
at the Icahn School of Medicine at Mount Sinai (neutrophils and dendritic cells 
from the spleen; macrophages from the peritoneal cavity, lung, small and large 
intestine, spleen and brain; monocytes from the blood and bone marrow; naive and 
activated CD4+ T cells, naive CD8+ T cells, regulatory Tregs from the spleen; naive 
splenic NK and invariant natural killer T cells (iNKT cells); Brigham and Women’s 
Human Immunology Flow Core (mast cells from the peritoneal cavity, naive and 
activated NKT cells from the spleen); Harvard Medical School (double-positive 
T cells from the thymus, Tregs from the colon); UCSD (naive and activated CD8+ 
T cells from the spleen); Fox Chase Cancer Center (B cells from the peritoneal 
cavity and the spleen); University of Massachusetts Medical School (γδ T cells from 
the lymph nodes); UCSF (NK cells from the spleen and the liver); and Genentech 
(stromal cells). The majority of populations profiled were performed in duplicate 
to maximize breadth, with the exception of B1b.PC, NK.Sp and NKT.Sp (n = 5); 
MF.PC, GN.Sp, B.Sp and T4.Nve.Sp (n = 4); DC.Sp, Treg.4.25hi.Sp, T8.Nve.Sp and 
Tgd.Sp (n = 3); and MC.IgE.PC, Tgd.27+.LN, NK.49b–.MCMV.Lv and female 
populations, with one replicate, that were retained for completeness; however no 
analyses were done with single-replicate populations. RAW 264.7 macrophages 
were cultured in DMEM supplemented with 10% fetal bovine serum, penicillin and 
streptomycin.

RNA isolation and miRNA profiling. RNA was isolated using the miRNeasy Micro 
Kit (Qiagen), and miRNA was profiled using the miScript miRNA PCR array. Out of 
940 miRNAs measured, 17 assays were removed from the analysis due to improper 
annotation in miRbase v.22. miRNAs were profiled on three separate qPCR plates 
and in four processing batches. A standard curve was generated using ten synthetic 
miRNAs: mmu-miR-126a-5p, mmu-miR-140-5p, mmu-miR-142a-3p, mmu-miR-
147-3p, mmu-miR-150-5p, mmu-miR-155-5p, mmu-miR-199a-5p, mmu-miR-210-
3p, mmu-miR-223-3p and mmu-miR-451a (Supplementary Table 1).

miRNA sensors. Bidirectional lentiviral vectors were used for miRNA sensors, 
as previously described1. Bone marrow cells were isolated from CD45.1 
C57BL/6J mice, and lineage-positive cells (CD5+, CD45R+ (B220), CD11b+, Gr-
1+ (Ly6G/C), 7-4+ and Ter119+) were depleted using the Lineage Cell Depletion 
Kit (Miltenyi). Remaining cells were transduced overnight with miR-24-3p 
sensor, miR-652-3p sensor or a control vector in StemSpan SFEM expansion 
medium (StemCell Technologies) supplemented with 50 ng ml–1 stem cell factor 
(SCF), 10 ng ml–1 IL-3, 10 ng ml–1 Flt3L, 20 ng ml–1 IL-6 (Peprotech) and 5 µg ml–1 
polybrene (Millipore). CD45.2 recipient mice were irradiated with two doses 
of 600 rad with a 4-h interval. Transduced lineage-negative cells were collected, 
washed, counted and transplanted into lethally irradiated recipient mice. After 
8 weeks, mice were sacrificed and blood, spleen and cells from the peritoneal 
cavity were collected and analyzed for green fluorescent protein (GFP) and mutant 
nerve growth factor receptor (NGFR) expression. The following antibodies 
were used: PE-Cy7-conjugated anti-mouse CD19, APC-conjugated anti-TCRβ, 
PerCP-Cy5.5-conjugated anti-CD4, AlexaFluor700-conjugated anti-Ly6G, eFluor 
450-conjugated anti-CD45.1, APC-eFluor 780-conjugated anti-CD45.2 (Thermo 
Fisher Scientific), BV510-conjugated anti-CD8a (BioLegend) and PE-conjugated 
anti-human CD271 (NGFR) (BD Bioscience). Data were acquired on a BD FACS 
Fortessa and analyzed with FlowJo software (TreeStar). Percentage of suppression 
was calculated as described previously49 (Supplementary Table 2).

Luciferase assay. We used a pGL3-control vector (Promega) with its SV40 
enhancer deleted (pGL3-no SV40, a gift from the Wysocka Laboratory50), for our 
luciferase reporter assay experiments. The pGL3-control vector with the SV40 
enhancer intact was used as a positive control, and the pGL3-no SV40 with no 
insert or with a predicted inactive region (nc_e1) was used as negative control. 
Genomic sequence in putative enhancer regions at the miR-21a and miR-142 loci, 
either directly correlated with miRNA expression or linked by a shared H3K27ac 
domain, was PCR amplified from RAW 264.7 macrophage DNA and cloned 
into the pGL3-no SV40 vector with T4 DNA ligase (NEB) after NheI and XhoI 
digestion. For transfection, a procedure previously outlined by Cheung et al. was 
used51. Briefly, RAW 264.7 macrophages were seeded at 200,000 cells per 24-well 
plate and left for 4 h in the incubator at 37 °C. After 4 h the cells were cotransfected 

with 0.5 µg of reporter construct along with Renilla luciferase vector pRL-SV40 
(Promega) at a 1:20 dilution using Lipofectamine 3000 (ThermoFisher) and a 
1:4 ratio of plasmid to transfection reagent. After 4 h transfection medium was 
removed and replaced with fresh DMEM. Luminescence was measured on a 
SpectraMax M5 (Molecular Devices) 24 h after removal of transfection medium 
using the Dual-Luciferase Reporter Assay System (Promega), with two technical 
replicates per biological replicate and at least three biological replicates per 
condition (n = 3–4 transfections). Normalized luciferase signal was calculated 
by averaging technical replicates, subtracting background signal measured for 
each luciferase in untreated wells and then dividing firefly luciferase signal by the 
Renilla signal for the same sample. Primers used to clone dCREs and luciferase 
data can be found in Supplementary Table 3.

RNP electroporation. T cell RNP electroporation experiments were performed 
following an optimized protocol from Nüssing et al.52. RNPs were generated 
by incubation of 0.6 µl of Cas9 protein at 10 µg µl–1 (Alt-R S.p. Cas9 Nuclease 
V3, IDT) with 1 µl of each sgRNA (ThermoFisher; Supplementary Table 4) at 
0.3 nmol µl– and water up to 5 µl at room temperature for 10 min. CD4+ or CD8+ 
T cells were isolated from splenocytes in single-cell suspension using negative 
selection by EasySep mouse T cell isolation kit (Stemcell Technologies). RNPs 
were electroporated into 2 million isolated T cells per condition in a Lonza 
4D-Nucleofector X using the P4 primary cell nucleofector kit (Lonza) with the 
CM137 setting. Following electroporation, T cells were activated for 3 days as 
described by Wroblewska et al.53. Following activation, T cells were cultured for 
24–48 h with IL-2, counted and subsequently resuspended in Qiazol (Qiagen) 
followed by RNA extraction using a miRNeasy Micro kit (Qiagen) with the 
small RNA enrichment protocol. Small RNA was reverse transcribed using the 
miRCURY LNA RT kit (Qiagen) with 20 ng of input, diluted 1:6 in molecular-grade 
water and then qPCR was performed with miRCURY LNA miRNA PCR assay 
(Qiagen) for either miR-146a-5p with a reference assay of 5 S ribosomal RNA 
(n = 3 mice) or miR-21a-5p with a reference assay of miR-142-3p (n = 3 mice). 
Resulting Ct values were normalized using the delta-Ct method, and fold changes 
were calculated relative to an off-target control sgRNA targeting the B2m gene 
(Supplementary Table 4).

Bioinformatics procedures. Normalization and batch correction. Critical 
threshold values were obtained from qPCR profiling with an upper limit of 40. 
Across-sample normalization was performed for each qPCR plate separately as 
follows: (1) the arithmetic mean of all assays for each sample was calculated; (2) 
the median of sample means was divided by the arithmetic mean for each sample 
to create a scaling factor; and (3) Ct values for each sample were multiplied by their 
scaling factor. Following normalization, individual assay outliers were identified 
either by visual inspection or based on a z-score >4, relative to all other samples 
(Supplementary Table 5). Next, normalization was redone with outlier assays set 
as missing. Missing values were then imputed using the mice package in R54 with 
default settings and ten iterations.

Batch correction was performed only for a subset of miRNAs (223 in total; 
Supplementary Table 5) that were assessed as having a significant association 
with batch, because batch correction of all miRNAs would have removed signal 
from cell-type-specific miRNAs seen in only a limited number of batches. 
Batch-associated miRNAs were selected including all cell types that had at least one 
replicate in two different batches. Variation due to cell type was removed using the 
removeBatchEffect function from the limma package55, then an F-test in limma 
was performed with respect to batch for each miRNA on the resulting values. 
miRNAs were selected for batch correction if they had a Bonferroni adjusted 
P < 0.01 and mean Ct < 35 across all samples involved. After miRNA selection, 
batch correction was performed using ComBat56 only for selected miRNAs.

Following normalization and batch correction, Ct values were converted to 
arbitrary units (AU) for easier interpretation. We determined a limit of reliable 
detection at Ct = 28, which was assessed through the standard curves of ten 
miRNAs and inter-replicate variability at different Ct thresholds. Our AU scale 
was designed so that a Ct value of 28 corresponded to a value of 1 AU. Ct values 
were converted to AU with the formula: 2(28 – exp[i,j]), where exp is the Ct value 
matrix for all samples and miRNAs, i is a given miRNA and j is a given cell type. 
A pseudocount of 0.1 was added to all assays following conversion. Expressed 
miRNAs were denoted as those that were detected at >1 AU in all replicates of at 
least one multireplicate cell type, giving 442 miRNAs expressed in the immune 
system from our panel. For all miRNA-family-based expression values, the linear 
AU values of all miRNAs within a given family, based on TargetScan v.7 (ref. 57) 
annotations, were summed.

Cross-reactivity analysis. Quantitative PCR assays can sometimes be subject 
to cross-reactivity with other RNA molecules due to similarity between target 
sequences. To identify situations where this might arise, we calculated the 
Levenshtein edit distance between all pairs of miRNAs using the BioStrings 
package in R58. Next, using mean log2 AU population expression values, the 
Pearson correlation was calculated for all pairs of miRNAs with an edit distance 
<6, removing miRNA pairs in the same cluster. Potential cross-reactive pairs were 
flagged if they had a correlation slope >0.7, leaving 29 miRNA pairs with potential 
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overlap in signal (Supplementary Table 6). While it was difficult to definitively 
prove an overlap in signal, instances were noted where directionality of the signal 
probably fell towards one miRNA or the other based on public data or chromatin 
accessibility in the region. In certain instances, these miRNAs were removed or 
modified in display figures.

Cell specificity indices. To measure the specificity of expression we used the Tau 
statistic, calculated for each miRNA using the formula: τ =

∑N
i=1(1−xi)
N−1  (ref. 59), 

where N is the number of cell types and xi the expression value for a given cell type 
divided by the maximum expression value for that miRNA across samples. Mean 
log2 AU values for steady-state cell types were used as expression values. Only 
miRNAs expressed at >4 AU in all replicates of at least one cell type were used.  
For Tau calculation, log2 AU values <0 were set to 0. Selection of cell-specific 
miRNAs was performed by taking miRNAs with τ > 0.92 and >45% of their 
total linear abundance in a single cell type. Specificity scores can be found in 
Supplementary Table 7.

Differential expression and clustering. Differential expression (DE) was performed 
under several circumstances that required adjustment of cutoffs, depending on 
how many samples were involved in the test and the aim of the analysis. Although 
there were several conditions, log2 AU values and the two-sided statistical 
framework from the limma package in R55 were always used to assess significance 
and fold change. Cutoffs and thresholds for each particular test are listed in their 
respective figure legends. A strategy for selection of miRNAs specific to certain 
groups of cells among many was used in the analysis of tissue macrophages, 
lymphoid lineage cells, mature T cells and perturbed populations. This method 
used two-condition limma DE tests between every combination of two cell groups, 
selected against each other. Following the DE tests for all two-group comparisons, 
miRNAs were assessed for significance and consistency of fold change between one 
cell type and all other cell groups (lymphoid), all but one other cell group (tissue 
macrophage, mature T cell) or three or more perturbation conditions.

The samples used in most comparisons are delineated in the heatmaps or 
boxplots showing the results of DE, and all replicates for a given population were 
always used. Female samples were excluded from all analysis. DE statistics from all 
tests are included in Supplementary Table 8.

Hierarchical clustering of all miRNA profiling samples was performed 
using mean log2 AU abundance values. Only miRNAs reaching high abundance 
(>32 AU) in at least one cell type were kept for input, leaving 150 miRNAs. 
Expression values <0 log2 AU were set to 0. One minus the Pearson correlation 
between cell types was used as the distance measure, and clustering was done using 
hclust in R with complete agglomeration for cell types. Euclidean distance and 
complete agglomeration were used to cluster miRNAs.

miRNA promoter annotation. Annotation aggregation was used to determine 
TSS/promoter sites for as many miRNAs as possible. We aggregated annotations 
from seven different sources and linked these to OCRs identified in the ImmGen 
cis-Atlas33. The term promoter is used as an encompassing term to define these 
annotations, because some sources predicted a specific TSS site and some a less 
specific promoter region. Sources included three empirical sequencing-based 
annotations from Chang et al.20, De Rie et al.22 (denoted Fantom5) and Georgakilas 
et al.19 (denoted droshaKO_mESC), and three inference-based annotations 
from Georgakilas et al.19 (denoted microTSS), Marson et al.21 and Kirigin et al.21. 
Additionally, we used start sites of annotated transcripts in Gencode34 release 
M20 that had a transcript support level of 1–3 or ‘NA’ and fully overlapped 
with a pre-miRNA. Cell types in which biochemical mappings were done are 
listed in Supplementary Table 9. In addition, only Chang et al. transcripts that 
fully overlapped with the pre-miRNA were used. For Marson et al. predictions, 
only those with a score >0 were used. miR-451a required a specific literature 
annotation60, because it was not represented in the other studies. miRbase v.22 was 
used for all coordinates and annotations of miRNA sequences, with coordinates 
in all annotation files converted to mm10 by the UCSC batch conversion tool 
if necessary (https://genome.ucsc.edu/cgi-bin/hgLiftOver). Several entries 
within these files were modified after visual inspection for proper strandedness, 
orientation, naming and corroboration by other data such as publicly available 
nascent RNA sequencing61–68 (BioProject accession nos. PRJNA436058, 
PRJNA437913, PRJNA259674, PRJNA211259, PRJNA360121, PRJNA248435, 
PRJNA338193 and PRJNA482330), POLR2A ChIP–seq69,70 (BioProject accession 
nos PRJNA302909 and PRJNA129939), cap analysis gene expression (CAGE)–
seq peaks (http://fantom.gsc.riken.jp/5/datafiles/latest/extra/CAGE_peaks/) 
and conservation scores (http://hgdownload.cse.ucsc.edu/goldenpath/mm10/
phastCons60way). The resulting aggregated annotation set provided us with 
15,093 miRNA promoter annotations in the mouse genome.

Annotations collected from these sources were then mapped to active genomic 
regions in the immune system by intersecting them with OCR coordinates as 
defined in the ImmGen cis-Atlas study (BioProject accession no. PRJNA392905). 
For our analysis we chose to include the blacklisted OCRs (https://sites.google.
com/site/anshulkundaje/projects/blacklists) and regions showing homology to 
chrM removed previously, because some of these regions overlap with miRNA 
promoter sites (that is, the miR-17~92 cluster). After filtering 518,844 total OCRs 

for sites with at least five edge counts in at least two libraries, 505,802 OCRs 
remained for use in our analysis, all of which were 250 base pairs (bp) in width. 
Signal intensities and OCR P values were calculated in the same manner as in a 
previous study33. Overlaps between OCRs and TSS/promoter annotations were 
found using BEDTools v.2.26.0 (ref. 71), with the ‘closest’ command. The Chang 
et al. and Gencode annotations were retained as annotated promoters if an OCR 
was within 100 bp upstream or 25 bp downstream of the promoter prediction. 
Fantom5, Georgakilas et al. and Kirigin et al. overlaps were retained if the linked 
OCR was <50 bp distant, and Marson et al. annotated promoters were retained 
only in the case of a direct overlap. These cutoffs were determined after manual 
curation of each annotation source.

Filtering of putative TSS/promoter sites was performed as follows. For filtering 
and QC H3K4me3 and POLR2A ChIP–seq data were downloaded for all 13 adult 
mouse bulk tissues from the ENCODE consortium72, in addition to H3K4me3 
data from Lara-Astiaso et al. (indexing-first ChIP (iChIP)))73 (BioProject accession 
no. PRJNA255796), which is comprised of 16 broad hematopoietic cell types. 
H3K4me3 peaks for the iChIP samples were called using the same methodology 
as the original paper, through the Homer v.4.8 software suite74. H3K4me3 peaks 
for ENCODE tissues were downloaded using the data portal (https://www.
encodeproject.org/) in the bed broadPeak format, while POLR2A ChIP–seq data 
were downloaded in the bed narrowPeak format using optimal idr thresholded 
peaks. Putative promoters were then filtered out if they did not overlap with 
an H3K4me3 peak from either ENCODE bulk tissues or iChIP populations. 
Also, if a promoter OCR was predicted by Chang et al. or Marson et al. alone, 
these were retained only if they overlapped a POLR2A ChIP–seq peak from the 
ENCODE samples, because these predictions had higher rates of false positives. 
The resulting filtered set of annotations had, overall in mice, 1,315 promoter 
OCRs for 323/390 expressed pre-miRNAs, 381/442 expressed mature miRNAs 
and 1,417/1,965 mature miRNAs (Supplementary Table 9). Pre-miRNAs detected 
by expression but lacking annotation were generally from either duplicated 
miRNAs active at only one locus, lowly expressed or were specifically expressed 
in populations profiled for miRNA and not ATAC–seq. Additional miRNAs 
lacking annotation were, in some cases, identified as potentially cross-reactive 
with other miRNAs in the qPCR assay and were flagged in the final quality 
control (Supplementary Table 6). An additional possibility is that a miRNA is 
exogenously derived in the cell types we already have. Promoter/TSS regions were 
also manually inspected for concurrence with publicly downloaded GRO–seq data, 
and regions were flagged or pruned if it appeared they were suspect in producing 
miRNA-spanning transcripts, or if it was clear that the peak did not intersect 
the true TSS site in representative immune populations. This was prioritized to 
maintain promoter/TSS annotations as close to the TSS and immediate proximal 
promoter as possible. Peaks annotated as promoter/TSS sites remained defined as 
such throughout the study.

Chromatin accessibility and miRNA expression joint analysis. To associate miRNA 
expression variation with changes in chromatin accessibility globally, a correlation 
analysis was carried out using the 22 overlapping samples for which there was 
ATAC–seq and miRNA expression profiling (Extended Data Fig. 3c). Here, only 
OCRs open above background (open: Benjamini–Hochberg adjusted MACS2 
P < 0.05 throughout study) and with activity >10 in at least one of the overlapping 
samples were used. Additionally, OCRs denoted as miRNA TSS/promoter sites 
or TSS sites in the cis-atlas study (UCSC mRNA and long noncoding RNA 
annotations) were removed. To identify candidate regulatory regions, Pearson 
correlation was calculated between the log2 ATAC–seq activity at each separate 
OCR within 100 kb of an annotated miRNA promoter and that miRNA’s log2 
AU expression value. Correlation P values were adjusted for multiple testing by 
Benjamini–Hochberg75 correction. Significant associations were determined 
by an adjusted P value cutoff of 0.1, providing 395 significant associations for 
140/344 miRNAs tested detected in the overlap samples and with promoter 
annotations (Fig. 3 and Supplementary Table 10). Analysis of whether predicted 
dCREs fell within the same TAD was done using TAD boundaries as defined 
by Johanson et al.35. Each dCRE was checked for concurrence with the miRNA 
promoter TAD in splenic neutrophils, B cells, CD4+ T cells and mouse embryonic 
fibroblasts (MEFs). Discrepancies between promoter and dCRE TADs in any of the 
cell types are reported in Supplementary Table 10.

Promoter regression analyses. A stepwise linear regression framework was used to 
determine the contributions of multiple distinct promoters at a single locus for 
the same miRNA on its expression (Extended Data Fig. 6). To select for distinct 
promoter regions, annotated promoter OCRs were merged using the BEDTools 
merge command, taking OCRs within 2 kb of each other and summarizing the 
ATAC–seq signal and MACS2 P values per cell type to the maximum and minimum 
in the merged OCRs, respectively. Next, conserved and expressed miRNAs with 
multiple merged promoter regions at the same locus were selected for testing, 
27 in total. Linear regression models were built in a stepwise manner for each 
multipromoter miRNA, using the stepAIC function with direction set to ‘both’, 
from the MASS package in R76, with chromatin accessibility at merged promoter 
regions as the predictor of miRNA expression (Supplementary Table 11). Analysis 
to examine miRNA expression in relation to the number of open promoter regions 
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was done in a similar fashion (Fig. 4b–e). Linear models were built, at both the 
global (all miRNAs at once) and individual miRNA level, using the lm function 
in R, with the integer count of open promoter regions as the predictor and log2 
AU miRNA expression as the response (Supplementary Table 11). An unadjusted 
P value cutoff of 0.1 was used to determine significance of regression terms for 
individual miRNA models. The additional filters for this analysis using nascent 
RNA and H3K4me3 are explained in the following two sections.

Histone mark ChIP–seq analysis in aligned populations. Histone mark ChIP–seq 
datasets from Lavin et al.77 (BioProject accession no. PRJNA267535), iChIP73 
and ENCODE consortium data from MEFs72 were downloaded and mapped to 
the mm10 reference genome using Bowtie2 (ref. 78) v.2.3.4.3 with the settings ‘–
very-sensitive-local–no-mixed–nodiscordant’. Tag directories were created from 
the resulting bam files using Homer, allowing for only uniquely mapped reads 
and a maximum of three identical reads per position. ChIP–seq signal was then 
quantified by measuring the number of tags per 10 million mapped tags in 2-kb 
regions centered on ATAC–seq peaks identified in the cis-atlas, excluding those in 
ENCODE blacklisted regions not in miRNA loci. The resulting signals were then 
quantile normalized separately for each histone mark (Supplementary Data 1), 
and a threshold of 15 or more on the normalized scale was used to delineate the 
presence of a mark. Pearson correlations between H3K27ac signal and miRNA 
expression or ATAC–seq signal were calculated using log values, and can be found 
in Supplementary Table 10.

Nascent RNA analysis. Sequencing reads from GRO/PRO–seq datasets61–68 were 
trimmed and pruned via Cutadapt v.2.10 (ref. 79), with settings -a ‘A{100}’ -q 10 -m 
25. Subsequently, Bowtie2 with settings –local -N 0 filtered-out reads mapping to 
ribosomal RNA (https://support.illumina.com/sequencing/sequencing_software/
igenome.html), non-miRNA blacklisted regions or small Cajal-body-specific RNA/
small nucleolar RNA loci (RFAM v.14.2 (ref. 80)). The remaining reads were mapped 
to the mm10 genome by Bowtie2 with settings --local -N 1. Tag directories and 
bigwig files were then created from the resulting bam files using default settings 
and merging replicate samples. De novo transcript calling was performed in Homer 
with the findPeaks function and the option -style groseq flag and -uniqmap. 
Similar to Bouvy-Liivrand et al.36, several minBodySize, minReadDepth, bodyFold 
and tssFold settings were used to account for depth and quality differences across 
nascent RNA experiments. There were four settings used to call transcripts: 
-minBodySize 1000 -minReadDepth 10, -minBodySize 4000 -minReadDepth 5 
-tssFold 3 -bodyFold 3, -minBodySize 900 -minReadDepth auto and -minBodySize 
800 -minReadDepth auto -tssFold 3 -bodyFold 2.5. For each cell type, all transcripts 
called were assigned transcript clusters (connected de novo transcripts) using 
BEDTools cluster with settings -s -d 750. A miRNA-spanning nascent transcript 
was defined as one that initiated within 2 kb of an annotated promoter region and 
was part of a transcript cluster that spanned the pre-miRNA. dCRE transcripts were 
counted if a called nascent transcript initiated within 100 bp of the element. Called 
transcripts for each cell type can be found in Supplementary Data 2.

Duplicated loci distance. To calculate distance values across duplicated miRNA loci, 
merged promoter values were used as generated above. Each promoter was coded 
as 1 or 0 depending on the open or closed status in a given cell. The Manhattan 
distance, which equates to the number of discrepancies between open/closed 
status, was then calculated between each pairing of promoter regions at different 
loci for the same mature miRNA using all 87 populations from the ImmGen 
cis-Atlas (Fig. 5c).

Visualization. All ATAC–seq and other read pile-up data were visualized in 
Integrative Genomics Viewer (IGV)81. All tracks were always normalized to the 
highest-value peak among each data type unless otherwise specified. Numbers on 
the left-hand side indicate track height data range.

Data modifications. The name miR-199a-3p (accession no. MIMAT0000230) was 
changed to miR-199a/b-3p because it has the same mature sequence as miR-199b-
3p (accession no. MIMAT0004667).

Statistics and reproducibility. All statistical procedures and calculations 
were performed in the R language for statistical computing using the packages 
and methods described above. miRNA profiling sample sizes were chosen to 
maximize breadth of populations as stated above, with no statistical method used 
to determine sample size. Sample quality was assessed by clustering, Ct value 
comparisons as in Extended Data Fig. 1b and overall level of nonmissing qPCR 
assay amplification. Populations with only a single replicate were excluded from 
the overall analysis. The investigators were not blinded during experiments and 
outcome assessment. All boxplots show the upper and lower borders of boxes 
representing the 25th and 75th percentile, respectively, and the middle line is the 
median. Whiskers extend 1.5 × interquartile range and points represent values 
beyond the whiskers.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Data that support the findings of this study are available on the ImmGen 
website (www.immgen.org), and raw and processed miRNA expression data, 
including sample metadata, are available at the GEO (accession no. GSE144081). 
Additionally, tables with ATAC–seq signal, P values and peak locations with 
previously blacklisted peaks included are provided (Supplementary Data 3). 
Sequence Read Archive ID and other sample information for downloaded 
ChIP–seq and nascent RNA datasets can be found in Supplementary Table 12. 
Processed histone mark and nascent RNA data are available in Supplementary Data 
1 and 2, respectively. Source data for all figures in this manuscript are provided. 
External mRNA-seq and ATAC–seq data were downloaded through the ImmGen 
website. miRNA promoter annotations were downloaded from the supplements 
of their respective studies cited in the text or the GENCODE database (https://
www.gencodegenes.org/mouse/). TAD boundary data were downloaded from 
Johanson et al.35. miRNA conservation and other information was downloaded 
from TargetScan v.7 (www.targetscan.org). ENCODE blacklist regions for mm10 
were downloaded from https://sites.google.com/site/anshulkundaje/projects/
blacklists. rRNA sequence and sca/snoRNA loci were retrieved from iGenomes 
(https://support.illumina.com/sequencing/sequencing_software/igenome.html) 
and RFAM v.14.2 (https://rfam.xfam.org/), respectively. CAGE peaks from the 
FANTOM5 consortium were downloaded from their website (http://fantom.gsc.
riken.jp/5/datafiles/latest/extra/CAGE_peaks/). phastCons conservation scores 
were downloaded from http://hgdownload.cse.ucsc.edu/goldenpath/mm10/
phastCons60way. Source data are provided with this paper.

Code availability
Custom code used in analysis will be made available upon request. Code for 
normalization and batch correction of qPCR data is available at https://github.com/
srose89/ImmGen-miRNA.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Determination of miRNA abundance thresholds. a, qPCR standard curve generated for 10 different miRNAs using synthetic RNA 
mimics. Plotted are copies of synthetic mature miRNA species input into qPCR reaction against the corresponding Ct value. Horizontal grey dashed line 
marks a Ct value of 28. b, Representative scatterplot of Ct values for two PC macrophage replicates against each other. c, Schematic diagram of the in 
vivo miRNA sensor assay. Lineage negative cells were isolated from CD45.1+ C57BL/6 mice, transduced with lentiviral-based sensors for miR-24-3p or 
miR-652-3p, or a control vector, and transplanted in to lethally irradiated CD45.2+ mice. After 8 weeks, cells from the spleen and peritoneal cavity were 
collected, stained for immune cell markers, and NGFR, and analyzed by flow cytometry. d, Representative flow plots showing logarithmic fluorescence 
intensities for NGFR and GFP from mice that received a sensor for the indicated microRNA. Values are the percent of NGFR+ GFP+ cells in the total 
population. Accompanying integer values for each plot represent MFI of GFP of all NGFR+ cells within the plot. e, Correlation between miRNA sensor 
suppression and miRNA expression in 7 cell types from the 11-cell set. Percent suppression was calculated as one minus the target miRNA GFP/NGFR 
median fluorescence intensity divided by the average of the same ratio for all 3 non-targeting control replicates in a given cell type. Error bars represent 
the standard error of the mean (miR-24-3p n = 2 mice; miR-652-3p n = 4 mice). f, Cumulative percent of total linear abundance within a given cell type 
compared to the number of miRNAs added in decreasing order of expression.
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Extended Data Fig. 2 | miRNA abundance patterns in t cells and after perturbation. a, Pearson correlation of the 11-cell immune subset and lymph 
node stroma cells based on miRNA expression signatures. Expression data was filtered on miRNAs that are high-abundance (>32 AU) in at least one cell 
type. Only correlations between samples >0.7 are plotted. b, Htr2c read counts in ImmGen cis-Atlas samples. c, Percent linear abundance of the 15 most 
highly expressed miRNA and miRNA families in T cell subsets and DP thymocytes cells. Bars are shaded by Z-score value of the miRNA family across 
populations. d, miRNAs changing consistently in 3 or more perturbation conditions not highlighted in Fig. 2d. (limma two-sided unadjusted p<0.05, log2 
FC > 1, and expression >4AU in perturbed or >32AU in steady-state population; n = 2 for all activated and stimulated populations except: NK.Sp = 5, 
NKT = 5, B1ab = 5).
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Extended Data Fig. 3 | Characterization of miRNA associate cis-elements. a, Table displaying the number of pre-miRNAs (having an expressed mature 
isoform) with promoter annotations after aggregation, broken down by TargetScan V7 conservation category. b, The number of annotation sources from 
compiled studies annotating a particular OCR as a promoter region. c, Table displaying the alignment of cell types from externally downloaded datasets 
with ImmGen miRNA and ATAC-seq populations for integrative analysis. † = BM monocyte miRNA profile only used for H3K27ac signal to miRNA 
expression correlation. ‡ = NK cells were not part of 22 overlapping cell types used for miRNA to ATAC-seq correlations. d, Distance from significantly 
correlated OCRs to an annotated miRNA promoter/TSS. e, Percent of correlated OCRs within the same TAD as the promoter for the same miRNA 
according to TAD definitions in 4 listed cell types from Johanson et al. f, Frequency of miRNAs with different numbers of significantly correlated OCRs.  
g, Unaligned additional datasets incorporated in promoter and enhancer analyses. h, log10 ATAC-seq signal compared with log10 H3K27ac signal 
at associated distal elements across the 6 fully aligned populations in c. i, Fraction of associated DEs in either direction of effect above or below 
high-abundance miRNAs in the 6 fully aligned populations meeting various molecular criteria of active enhancer elements. Bars from left to right represent 
the number of accessible putative DEs of total possible for expressed miRNAs, the number of accessible putative DEs marked with H3K4me1 or H3K27ac, 
and the number of accessible putative DEs marked with H3K27ac and with nascent RNA transcripts detected.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Histone mark and nascent RNA visualization at select miRNA loci. a,b, IGV plot of layered available molecular information at 
miR-142 (a) and miR-21a (b) loci in splenic B cells and RAW 264.7 macrophages. Correlated DEs from Fig. 3a and regions selected for luciferase reporter 
assays displayed in Fig. 3b are labeled. Lanes are normalized individually. Promoter regions are shaded in gray for all panels. c, Representative read pile-up 
tracks of ATAC-seq signal, all normalized to same scale, showing differential cis-element accessibility at the miR-223 locus in select cells. Peak highlighted 
in gray is the pri-miR-223 promoter region and peaks highlighted in light blue are correlated elements with miR-223 expression from analysis in Fig. 3a. 
d, H3K27ac and H3K4me1 read pile-ups in aligned histone mark populations at the miR-223 locus. Tracks are normalized by histone mark. e, IGV plots 
of histone mark and nascent RNA signatures at associated distal elements in CD4+ T cells at the miR-146a locus. e1 corresponds to the enhancer site 
targeted by flanking sgRNAs in Fig. 3d. Lanes are normalized individually.
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Extended Data Fig. 5 | Histone marks and nascent RNA support promoter additivity. a, Fraction of mature miRNAs (includes duplicated) with a given 
number of promoter regions, colored by TargetScan conservation categories. b, miRNA log2 expression compared to its number of ‘active’ promoter 
regions across the genome using the 6 aligned populations with chromatin mark, nascent RNA, accessibility, and miRNA expression measurements. 
Active promoters are defined as accessible by ATAC-seq, presence of H3K4me3, and a nascent transcript detected initiating from the promoter region and 
spanning the miRNA. (n = 6 populations) (c) Aligned dataset read pile-ups and de novo nascent transcript calls at the miR-29a/b-1 locus in BMDMs and 
MEFs illustrating multiple promoter use. All tracks are normalized independently. d, Number of active promoters for each expressed miRNA across the 6 
aligned populations with or without histone mark and nascent RNA criteria.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Step-wise regression at multi-promoter loci. a, Individual promoter region associations to miRNA expression at multi-promoter 
loci. Each point represents the strength and direction of association from a promoter region accessibility to expression step-wise regression at a 
multi-promoter miRNA loci, plotted against the miRNA to promoter region distance relative to the most distal promoter. Gray dotted lines indicate  
p value of 0.05. Only associations with p<0.1 are labeled with text. b, Stepwise regression associations for each multi-promoter miRNA with a significant 
association. Each locus is labeled with the miRNA, coordinates, and host-gene if available. Arrows indicate the most distal position for each promoter 
region in the locus. Boxes indicate an annotated host-transcript isoform TSS. Height of bars over promoter regions represents the signed –log10 p value in 
the stepwise regression using promoter accessibility as a predictor of miRNA expression.

NAtuRE IMMuNoLoGY | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


ResouRceNature ImmuNology

Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Promoter accessibility in multi-copy miRNAs. a, ATAC-seq, GRO-seq, and H3K4me3 ChIP-seq data at miR-199 loci in FRC.SLN 
cells and MEFs. b, Heatmap of OCR accessibility at TSS/promoter regions for 14 select duplicated miRNAs with promoter annotations at both loci. Clear 
boxes represent OCRs not detected above background. For each locus, if the miRNA is on the positive strand the promoters are ordered from furthest to 
closest going left to right. The opposite is true for miRNAs on the negative strand.
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Extended Data Fig. 8 | See next page for caption.

NAtuRE IMMuNoLoGY | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


ResouRce Nature ImmuNology

Extended Data Fig. 8 | miR-128 and miR-125b promoter activities. a, Number of open merged promoter regions compared to log2 AU miRNA expression 
for miR-128-3p across 22 overlapping miRNA and ATAC-seq samples. (n = 22 populations) (b) ImmGen miRNA Browser view of miR-128-3p expression 
across B and T cells. c, GRO-seq read pile-ups in pro-B cells and mature B cells at the miR-128-2 locus. Active promoter in progenitor cells highlighted in 
gray. d, Heatmap of pairwise Manhattan distance values between promoter regions of miR-125b-1 and miR-125b-2. Promoter numbers correspond to  
Fig. 3e,f. e, GRO-seq read pile-ups normalized within each row across selected cell types at the miR-125b-2 locus. Promoter regions highlighted in gray.
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