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Development of an ultrasensitive transcriptomic 
mapping platform to study opioid-regulated 

circuits in neuronal tissue

Background 

Detecting acute transcriptional changes can provide significant 
biological insight into the immediate effects of transcription factors 
and environmental stimuli. Here, we propose a new approach to 
directly and quantitatively profile chromatin-engaged RNA 
polymerase II (Pol II) as a proxy for nascent RNA transcription. We 
developed a novel Pol II CUT&Tag assay utilizing phospho-specific 
Pol II antibodies and a Tn5 transposase fusion (pAG-Tn5) to 
identify sequences with transcriptionally-engaged polymerase. In 
addition, we designed and produced novel DNA-barcoded 
nucleosome spike-in controls with Pol II CTD epitopes (CTD-
dNucs) for in-assay antibody validation, technical monitoring, and 
quantitative cross-sample comparisons. We then optimized the 
technique for different sample inputs, demonstrating its capacity to 
work with nuclei from fresh, frozen and fixed tissues. 

Measuring phospho-Pol II binding 
dynamics in primary mouse neurons

RNA pol II antibody validation with CTD 
spike-in controls

Figure 2. (A) Design of Pol II CTD dNucs spike-in panel used for in-assay 
quality control. (B) Specificity Heatmap of commercial antibodies (specific 
catalogue and lot numbers designated by unique E-number), tested in RNA 
pol II CUT&Tag workflow with Pol II CTD dNuc spike-in controls. Values 
were normalized to the on-target spike-in nucleosome and displayed as a 
percentage with red indicating high specificity and blue indicating low 
specificity. Asterisks indicate best performing antibodies selected for down-
stream experiments.
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Conclusions

Tissue Preparation Optimization 

Fentanyl-related overdose deaths have risen sharply in the US 
since 2013.1 While fentanyl has rapid behavioural effects, blocking 
pain perception and causing hyperlocomotion, little is known about 
the transcriptional changes that occur in neurons after exposure to 
the drug.2 Opioids are known to impact on the medium spiny 
neurons of the striatum.3 To better characterize the immediate 
effects fentanyl has on the transcription of striatal neurons we 
designed a pilot experiment comparing transcriptional changes 
detected by our novel RNA pol II CUT&Tag approach with 
traditional mRNA sequencing. 

Figure 4. Schematic of pilot study of RNA pol II CUT&Tag assay on mouse 
striatum. A time-course was performed whereby the mouse brain was 
immediately harvested and the striatum dissected 10 minutes, 30 minutes 
or 60 minutes after an intraperitoneal injection of either fentanyl (1mg/kg) or 
equivalent saline.  

(A)

Figure 5. Sequencing data of pilot opioid stimulation of mouse primary 
neurons, harvested 10 minutes post injection with either saline or 
fentanyl. Volcano plots of differential gene analysis between saline and 
fentanyl treated conditions of (A) RNAseq, (B) H3K4me3, (C) S5P 
RNA pol II and (D) S2P RNA pol II. Down-regulated genes are 
highlighted in blue and up-regulated genes are highlighted in red 
based on an adj. p-value <0.1 and a log-2-fold changed of >1.5. (E) 
Gene loci demonstrating immediate change in RNA pol II engagement 
in response to fentanyl treatment. 

(C)

Figure 3. (A) Outline of method for brain tissue dissociation. (B) Bright-
field images with propidium iodide staining of different nuclei preparations. 
(C) Gene body heatmaps displaying transcriptional signal between the
TSS and TTS across different RNA pol II CUT&Tag antibody assays with
different sample inputs. Ranked by H3K4me3 intensity where red indicates
enrichment and blue indicates background.
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(D)

CUT&Tag

UnmodifiedS2P-CTDS2P-S2P-CTDS5P-CTDS5P-S5P-CTDS2P-S5P-CTDS5P-S2P-CTDS7P-CTD

24JA519_E1486(%)E1486 22.1 9.9 13.2 12.6 9.4 14.5 7.5 10.8

24JA520_E0723(%)E0723 10.5 4.3 9 26.6 21.7 7.6 14.6 5.7

24JA521_E0962(%)E0962 44.8 7.6 2.1 15.3 8.7 3.3 4.1 14.1

24JA522_E0976(%)E0976 15 12.3 19.1 11.4 9 15.8 10.6 6.7

24JA523_E0978(%)E0978 45.1 8.2 9.4 8.5 5.4 8.6 5.3 9.5

24JA524_E1098(%)E1098 14.3 13.9 19.6 10.7 8.1 15.1 10.3 8

24JA525_E1099(%)E1099 12.7 11.9 18.1 14.3 10.1 14.7 11 7.1

24JA526_E1148(%)E1148 24.4 10.6 13.9 9.8 8.5 13.1 6.3 13.4

24JA527_E1435(%)E1435 25 9 14.3 12.3 9.3 12.9 6.9 10.3

24JA528_E1436(%)E1436 14.6 10.4 18 12.2 10.3 13.3 9.5 11.7

24JA529_E1439(%)E1439 24.6 11.1 12.8 12.2 6.9 14.9 6.9 10.7

24JA530_E1442(%)E1442 21.3 13.1 18.1 9.5 7.4 14.3 8.6 7.8

24JA531_E1443(%)E1443 6.3 19.7 31.1 6.4 5.3 15.9 12.1 3.2

24JA532_E1449(%)E1449 25.1 10.8 13.9 12.5 7.6 15.3 6.9 7.9

24JA533_E0965(%)E0965 0.9 0.9 1.7 0.9 0.9 100 0.9 0.4

24JA534_E0963(%)E0963 3 100 155.4 2.2 2.1 73.2 59.6 1.6

24JA535_E0974(%)E0974 5.4 100 142.8 10 10.9 52.8 55.4 3.1

24JA536_E0975(%)E0975 4.3 100 134.3 3.4 3.1 84.2 61.9 2.6

24JA537_E0977(%)E0977 5.6 100 146 4.5 4.1 42.2 56.9 3.4

24JA538_E1341(%)E1341 5.4 100 158.4 32 18.9 91.8 57.4 41.9

24JA539_E1428(%)E1428 75.6 100 5871.4 55.9 52.6 87.6 776.7 48.8

24JA540_E1431(%)E1431 3.6 100 151.5 2.8 3 35 57.6 2.2

24JA541_E1432(%)E1432 4.2 100 147.6 3 2.8 23.5 58.2 2.4

24JA542_E1437(%)E1437 3.1 100 157.9 2.4 2.4 65 54.7 1.9

24JA543_E0898(%)E0898 5 3.8 5.6 100 90.5 83.4 55.1 4.1

24JA544_E0966(%)E0966 2.6 1.4 2.6 100 81.4 2.8 53.6 1.6

24JA545_E1430(%)E1430 22.7 17.6 33.8 100 85.1 76.9 58 18.6

24JA546_E1440(%)E1440 4 2.8 4.6 100 82.4 89.3 56.2 2.7

24JA547_E1441(%)E1441 7.2 5.8 9 100 90.8 87.5 59.1 6.7

24JA548_E1462(%)E1462 6.7 5.5 9.6 100 63.9 17.8 54.1 8

24JA549_E1427(%)E1427 11.7 9.3 15.8 100 77.5 102.2 62.8 9.6

24JA550_E0964(%)E0964 12.5 9.6 25.1 3.6 2.9 2.6 2.4 100

24JA551_E1429(%)E1429 7.5 6.3 11.6 100 74.8 33.8 57 100

24JA552_E1438(%)E1438 8.2 6 7.2 14.5 8.7 10 7 100

24JA556_E0884(%)E0884 7.4 4 6.5 30.3 24.7 6.2 16.3 4.7
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§ Development of an RNA pol II CTD spike-in panel has enabled
screening for highly specific, quality reagents.

§ RNA pol II CUT&Tag is compatible with fresh, frozen and fixed
tissue preparations.

§ This new methodology has enabled the interrogation of the
immediate effects of fentanyl treatment on neuronal biology in an
in vivo setting.
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RNA pol II CUT&Tag is a new highly sensitive 
approach for measuring phosphorylated RNA pol II 

engagement with DNA
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Figure 1. Schematic of RNA pol II phosphorylation sites in the C-Terminal 
Domain (CTD) and their relationship to different stages of transcription.  

Assay Technique Measure Strength Weakness

mRNA-seq Sequencing 
poly-A 
transcripts

Poly-A 
transcripts 
only

Widely used & 
inexpensive

Time insensitive, 
measures stable 
transcripts only

SLAM-seq Metabolic 
labelling of 
RNA

All actively 
transcribed 
transcripts

Commercially 
available & 
compatible with 
single cell

Not compatible 
with all sample 
types

PRO-seq Nuclear run-
on

All actively 
transcribed 
transcripts

Single nucleotide 
resolution

Difficulty mapping 
short, repetitive 
transcripts

CUTANA-
RNA pol II

CUT&Tag RNA-pol-II 
associated 
DNA

High resolution, 
high throuput & 
diverse sample 
input

New technology

Table 1. Techniques for measuring nascent gene transcription




