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Abstract

Current transcriptome-wide analyses have identified a growing number of regulatory RNA with
expression that is characterized in a cell-type specific manner. Herein, we describe RNA metabolic
labeling with improved cell-specificity utilizing the /n vivo expression of an optimized uracil
phosphoribosyltransferase (UPRT) enzyme. We demonstrate improved selectivity for metabolic
incorporation of a modified nucleobase (5-vinyuracil) into nascent RNA, using a battery of tests.
The selective incorporation of vinyl-U residues were demonstrated in 3xUPRT LM2 cells through
validation with dot blot, gPCR, LC-MS/MS and microscopy analysis. We also report using this
approach in a metastatic human breast cancer mouse model for profiling cell-specific nascent
RNA.

During the last decade, RNA has been recognized as a macromolecule with diverse
biological functions important in distinctive cell-type specific processes!. Identifying
regulatory RNA in a specific cell type remains particularly challenging within /in vivo
experimental models due to the presence of many cell types. To capture RNA from cell-
types of interest, extensive dissociation and isolation steps are required prior to isolating
RNA for analysis2. These approaches rely on mechanical separation, enzymatic digestion
and flow cytometry which are all known to introduce transcriptional artifacts, as the cellular
transcriptome is transformed when the cells are removed from the original whole-organism
environmental niche®. Recapitulation of RNA expression pathways from intact, living cells
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within model organisms are difficult to analyze with these current techniques due to these
challenges.

RNA metabolic labeling methods tag nascent RNA within living cells which provide
opportunities for capturing transcriptional information present during key biological events.
These methods expose cells to non-canonical nucleobase or nucleosides derivatized with
chemical handles for subsequent metabolic incorporation into newly polymerizing RNA%.
Isolation of total RNA includes a portion of metabolically-tagged nascent transcripts that
are reactive to biotin-conjugated, orthogonal chemical reagents for subsequent streptavidin
affinity-based enrichment and analysis. Attenuating RNA metabolic labeling to specific
cell-types is achieved by expressing exogenous metabolic enzymes not active in mammalian
cells that will selectively catalyze nucleobase analogs.

Our lab has demonstrated cell-specific RNA metabolic labeling with uracil
phosphoribosyltransferase (UPRT) expression (from 7oxoplasma gondii), TgUPRT, paired
with 5-ethynyluracil (5-eu) consisting of a more stable, bioorthogonal chemical handle for
imaging experiments with fluorophores and biochemical affinity-based separation of nascent
transcripts®5. RNA labeled with ethynyl groups reacts with biotin-azide through Cu(l)-
catalyzed azide-alkyne addition (CUAAC) that is known to deteriorate RNA integrity due

to the production of metal-ion radicals’. Recent findings identified endogenous metabolic
enzymes in the de novo pyrimidine biosynthetic pathway, notably uridine monophosphate
synthase (UMPS), is capable of catalyzing 5-eu in mammalian cell types independent

of UPRT expression limiting the applications for /n vivo cell-specific RNA metabolic
labeling®. These results necessitated the development of a more stringent enzyme-analog
pair appropriate for cell-specific RNA metabolic labeling by the elimination of background,
non-specific RNA labeling in other cell types.

To overcome challenges with 5-eu background RNA metabolic labeling in other mammalian
cell types, the active site of 7gUPRT was engineered to generate triple-mutant 7gUPRT
(3XUPRT) capable of catalyzing 5-vinyuracil (5-vu) into nascent, vinyl-labeled RNA
without background labeling in wild-type cells®. Advantages of using 5-vu include increased
cell-specific stringency of labeling, as 5-vu is not recognized as a metabolic substrate

by UMPS®. Additionally, the vinyl handle reacts selectively with tetrazines through an
inverse electron-demand Diels-Alder reaction which does not affect RNA integrity®. Finally,
5-vinyluridine (5-vuD) treatment in cells is shown to be less detrimental to cell proliferation
at longer incubation times compared with 5-ethynyluridine for RNA metabolic labeling
applications in cells treated with each analog for >12 hours1®. These findings support use of
the 3XUPRT enzyme paired with 5-vu for improved cell-type specific RNA labeling within a
broad range of applications in animal models and for maintaining the level of RNA integrity
necessary for downstream sequencing analysis of enriched, labeled transcripts.

We predicted the 3xUPRT/5-vu cell-specific RNA labeling approach would be advantageous
for profiling RNA in animal models where it is difficult to capture nascent RNA

expression within specific cell types without inducing transcriptional artifacts. Additionally,
these technical improvements improve the flexibility of these protocols to include longer
incubations beyond a few minutes and at higher concentrations which could be necessary
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in the larger context of a whole organism for labeling a specific cell population. To test

this, 3XUPRT was stably and constitutively expressed in highly metastatic MDA-MB-231
LM2 (LM?2) cells using CRISPR/Cas9 genome-editing®. LM2 human breast cancer cells
have shown preferential metastases into the lungs of mouse xenograft models without
overburdening mice with the primary tumor sizel2. Before applying this approach o in
vivo models, in vitro RNA metabolic labeling was characterized with dot blot analysis.
LM2 wild-type (WT) and (+)-3XxUPRT cells were incubated with 5-eu or 5-vu at 1 mM

for 3 hours. As a positive control for RNA metabolic labeling, 5-ethynyluridine (5-euD)
and 5-vinyluridine (5-vuD) were included in these experiments which label RNA in all
cells regardless of 3XUPRT expression. Finally, DMSO was used as a negative control

in cell treatments as the solvent of choice for these water-insoluble molecules. The
chemiluminescent signal from these dot blots was quantified with ImageJ to compare

the differences in signal-to-noise between 5-eu and 5-vu treatments in (+)-3xUPRT LM2
cells compared with WT cells. These results show a significantly favorable signal-to-noise
ratio with 5-vu/3xUPRT when compared to 5-eu/3xUPRT due to the prevalent background
labeling in WT cells treated with 5-eu. To verify 3XUPRT expression in LM2 cells, mCherry
was co-expressed with 3XUPRT, whereas GFP is expressed in all the LM2 cell types in

this study2 (Figure 1). Prior to establishing xenograft mouse models, optimization for

in vivo RNA metabolic labeling protocols was tested in (WT) C57BL/6 mice. Rigorous
testing of the solubility of these compounds in DMSO was shown to be maximized at

500 mM resulting in using this concentration for intraperitoneal (IP) injections. Initially,
5-vinyluridine (5-vuD) was tested in two sets of WT mice which demonstrated strong
reproducibility of labeling across different tissue types depicted with RNA dot blot analysis
(Figure S1). Next, RNA labeling was performed in mice treated with uracil analogs, 5-eu
and 5-vu, with uridine analogs, 5-euD and 5-vuD, as positive controls. These results clearly
indicate stronger background labeling with 5-eu treatment compared with 5-vu over a
24-hour treatment period, indicating 5-vu is advantageous for improved cell-specificity of
RNA labeling in mice (Figure S2).

In order to determine the range of background labeling with 5-vu, two biological replicates
of WT mice were tested with increasing time points and number of injections after which
organs were surveyed with RNA dot blot analysis. Although the pancreas-derived RNA was
extensively degraded due to high concentrations of endonucleases!3, the majority of the
RNA was compared effectively with this study to conclude that single-injection treatments
at 1-hr have significantly reduced background labeling compared to >5-hour time points
with >2 injections (Figure S3). Although the source of 5-vu background labeling was not
investigated, we chose the 3-hour time point and 500 mM injection [5-vu dose is 150 mg/kg
and 5-vuD dose is 300 mg/kg] for testing cell-specificity of RNA labeling in mouse tumor
xenografts.

Using the stable LM2 WT (negative control) and (+)-3xUPRT cells, mouse xenografts were
generated through mammary-fat pad implantation into NSG female mice. After 3—4 weeks,
tumors were visible and mice were treated for 3 hours with 500 mM 5-eu or 5-vu in
triplicate. 5-euD and 5-vuD were each used as positive control treatments into one replicate
mouse with WT LM2 tumors. After sacrificing mice, tumor and organ RNA was isolated
and reacted with biotin-tetrazine and analyzed with RNA dot blot to determine the extent
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of labeling (Figure 2A and S4). Signal-to-noise ratios of the chemiluminescent signal in
mouse xenografts were lower with more variability across 5-eu treatments in WT tumors
compared with 5-vu treatments with overall significantly greater signal-to-noise (Figure 2B).
To determine if 5-vu background could be reduced to any extent, 2-fold reduced titrations
were included in (+)-3xUPRT tumor containing mice (Figure S5A). £x vivo mCherry
fluorescence showed similar size and consistent expression of 3XUPRT across these tumors
(Figure S5B). Flow cytometry was used to quantify GFP fluorescence in all LM2 cells used
within mouse xenografts and mCherry fluorescence to verify numbers of the (+)-3xUPRT
positive cell populations prior to transplantation (Figure S6).

To quantify the biochemical enrichment of metabolically labeled transcripts from WT

and (+)-3xUPRT tumors, RNA was subjected to reverse transcription after reaction with
tetrazine-biotin. Bypassing the RNAse-H step, RNA:cDNA hybrids were incubated with
MyOne C1 streptavidin magnetic beads for separation and subsequent elution of cDNA from
beads by RNAse hydrolysis and heat; eluted cDNA was quantified with g°PCR. Endogenous
vimentin, known to be highly expressed in MDA-MB-231 cells!4, and GFP, which is
exogenously expressed within all MDA-MB-231 LM2 cells1? in these experiments were
both quantified with qPCR. Untreated mouse RNA was included as a negative control and
5-vinyluridine treated WT tumors were used as a positive control for enrichment. The fold
enrichment was calculated by 2-9CT with normalization to the untreated mouse enrichment
levels for each detected gene8. A minimum of 10-fold enrichment for both genes of interest
was reproducibly detected in (+)-3XxUPRT/5-vu treated tumor samples (Figure 2C).

To quantify vinyl-substituted RNA, LC-MS/MS was used to determine the level of vinyl-U
relative to total-U in tumor and lung samples. Both WT and (+)-3xUPRT tumor RNA from
3-week and 4-week xenografts were quantified to determine % vinyl substitution in uridine
residues with metabolic labeling. Due to appreciable levels of lung metastases detected in
4-week xenografts, only 4-week lung RNA was included in this analysis. The ratio of 5-vu/
total uracil residues was used to determine the % vinyl substitution rates across biological
triplicates. WT tumor and lung-derived RNA from 5-vuD treated mice were used as a
positive control. These samples were normalized to RNA from mouse tissues without any
analog treatment (Figure 2D). The percent incorporation of 5-vu/total uracil residues is an
average of 0.1% which is remarkable considering /n vitro vinyl-incorporation was 0.8% for
5-vuD0 RNA labeling in cells that were subjected to higher local analog concentrations and
incubation times compared with conditions in these mouse xenograft studies.

For imaging nascent RNA, tetrazine-Cy5 was used to conjugate nascent, vinyl-labeled RNA
in mouse tumor and lung tissue sections. Tumor sections show uniformity of mCherry
expression indicating cells with 3XUPRT expression. 4-week lung sections demonstrate
dispersed metastatic (+)-3XxUPRT LM2 cells within lung tissue with the co-localization

of Cy5 signal demonstrating the level of cell-specificity achieved when captured through
confocal microscopy. No background signal was detected in WT tumor sections reacted with
tetrazine-Cy5 or the surrounding cell types in the lung tissue. Although overall fluorescent
dye signal was reduced in lung tissue compared to tumor tissue, this can be attributed to the
lungs being further from the IP-injection site which may have reduced the bioavailability of
5-vu. These results clearly show that only (+)-3XxUPRT cells in mouse tissues label nascent
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RNA with 5-vu, which can be detected with tetrazine-Cy5. These findings support the utility
for 3XUPRT/5-vu for in vivo imaging of cell-specific nascent RNA (Figure 3 and Figure S7).

The cell-specific RNA metabolic labeling method described herein has the potential to
transform the ability to analyze nascent RNA /n vivo using widely available laboratory
techniques. The most technically challenging aspect involved is to generate the stable
expression of 3XUPRT into cell-types of interest which can be performed with CRISPR/
Cas9 genome-editing strategies. Secondly, 5-vu, biotin-tetrazine, and Cy5-tetrazine are
commercially available for researchers to independently access if they lack resources to
synthesize these reagents. Lastly, through the expression of downstream gene-specific
promoters, 3XUPRT expression labels RNA when a gene-of-interest is actively expressed
thereby extending the utility of these tools to capture and visualize nascent RNA in a
gene-specific and cell-specific context.

As a proof-of-principle, we generated MDA-MB-231 LM2 cells that stably express 3XUPRT
driven by the endogenous vimentin promoter. We chose to generate vimentin-3xUPRT for
the purpose of labeling RNA important for the maintenance of mesenchymal cell states
which occurs during the epithelial-to-mesenchymal transition in early metastatic progression
14 (Figure S8). The extent of labeling in vimentin-3xUPRT LM2 cells is overall comparable
in chemiluminescent signal to the constitutively-expressed (+)-3xUPRT LM2 cells used
throughout this study and to the 5-vuD positive control signal. These exciting results
support using this experimental approach for analyzing actively transcribed RNA pertinent
to the epithelial-to-mesenchymal transition in greater detail by co-expressing 3xUPRT with
other relevant genes and transcription factors of interest with the expectation of reduced
non-specific, background RNA labeling shown throughout this work.

In conclusion, these results have demonstrated the potential for researchers to design unique
in vivo cell-specific RNA metabolic labeling experiments for model organisms of interest in
order to elucidate complex transcriptional pathways in important cell-types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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5-eu 5-ethynyluracil
5-euD 5-ethynyluridine
5-vu 5-vinyluracil
5-vub 5-vinyluridine
WT wild-type
3XUPRT triple-mutant uracil phosphoribosyltransferase (Toxoplasma gondii
UMPS uridine monophosphate synthase
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Figure 1. Characterizing cell-specific RNA metabolic labelingin MDA-MB-231 LM 2 cells.
3-hour cell treatment with 1 mM of DMSO (negative control), uracil analog, or uridine

analog (positive control) in WT or (+)-3XxUPRT cell lines. a. Crystal structure of 7gUPRT
enzyme (PDB 1hd4). b. Close-up view of TgUPRT active site. Positions chosen for
mutagenesis are labeled. c. Schematic of (=) 7gUPRT versus TgUPRT expressing cell

that enable cell-specific metabolic labeling of RNA. d. RNA dot blot is performed after
reacting with biotin-azide (for ethynyl RNA) or biotin-tetrazine (for vinyl RNA). RNA

was crosslinked to membrane and incubated with streptavidin-horseradish peroxidase (Strep-
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HRP) followed by staining with methylene blue (Me. Blue) as a loading control. 5-eu=
5-ethynyluracil, 5-euD= 5-ethynyluridine, 5-vu= 5-vinyluracil, 5-vuD=5-vinyluridine. e.
ImageJ quantification of chemiluminescence was used to calculate signal-to-noise ratios.
Statistical significance relative to WT signal was determined using a one-tailed Student’s #
test indicated as follows: P<0.01; **.
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Figure 2. Cell-specific RNA metabolic labeling in mouse xenograft WT and (+)-3xUPRT LM 2
primary tumors.

3-week xenografted mice were IP-injected with 500 mM of each indicated substance for

3 hours in biological triplicates for uracil analog treatments. a. RNA was extracted from
tumors, reacted with biotin-N3 with ethynyl-RNA and biotin-tetrazine with vinyl-RNA prior
to dot blot analysis. b. ImageJ quantification of chemiluminescence was used to calculate
signal-to-noise ratios. Statistical significance relative to WT signal was determined using a
one-tailed Student’s ftest indicated as follows: P<0.01; **. 5-eu= 5-ethynyluracil, 5-euD= 5-
ethynyluridine, 5-vu= 5-vinyluracil, 5-vuD=5-vinyluridine. c. Streptavidin bead enrichment
of biotin-RNA:cDNA for qPCR analysis. Biotinylated RNA was reverse transcribed to make
intact RNA:cDNA which were subsequently enriched with streptavidin beads, eluted by
RNase hydrolysis and quantified with gPCR. Fold enrichment was determined through
2°9CT standardized to the untreated mouse for vimentin and GFP labeled RNA. Statistical
significance relative to enrichment from untreated mice was determined using a one-tailed
Student’s ttest indicated as follows: P<0.1; *. WT=wild-type, UPRT=3xUPRT, 5-vu=5-
vinyluracil, 5SvuD=5-vinyluridine. d. LC-MS/MS for analysis of vinyl-U modification from
tumors and metastatic lungs. Purified RNA was analyzed for % of vinyl-U substation of
total U normalized to untreated mouse tissue. 3-week xenograft mouse lungs did not produce
metastases and were not included in the analysis. Biological triplicates were used in this
data set. Statistical significance relative to WT tumors and metastases was determined using
a one-tailed Student’s #test indicated as follows: P<0.05; **, P<0.5 *. WT=wild-type,
UPRT=3xUPRT, 5-vu=5-vinyluracil, 5vuD=5-vinyluridine, ND=not detected.
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Figure 3. Metabolic labeling in (+)-3xUPRT-mCherry MDA-MB-231 LM2 cellsin tumor tissues.
Vinyl-containing RNA are fluorophore-conjugated with tetrazine-Cy5. GFP signal is present

in WT MDA-MB-231 LM2 cells (parental line). mCherry signal indicates (+)-3xUPRT
MDA-MB-231 cells.
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