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Abstract 
Biotin proximity labeling is a powerful method for identifying proteins associated with a 

specific organelle, a bait protein, or RNA. It requires the expression of a modified biotin 

ligase by transient transfection or from a stably integrated expression construct. Because 

such stable integration of transgenes into stem cells can lead to silencing during differen-

tiation, targeting a biotin ligase to a genomic safe harbor site would be beneficial. Here, 

we report on the successful targeting and expression of two biotin ligase constructs 

to the mouse Hipp11 locus during neuronal differentiation. While randomly integrated 

MicroID and TurboID are expressed and active in mouse embryonic stem cells (mESCs), 

expression ceases upon differentiation into mESC-derived neurons, which is indepen-

dent of the promoter used. In contrast, targeting of the same expression cassette to the 

mHipp11 locus results in expression, correct localization, and biotinylation activity not only 

in mESCs but also in neurons 8–10 days after differentiation. This demonstrates that the 

mouse Hipp11 locus is a promising genomic integration site for transgenic biotin ligases in 

mESCs and mESC-derived neurons.

Introduction
Transgene expression in mammalian cells has become an important and powerful tool 
for studying the molecular and cellular function of a gene or protein of interest. Common 
approaches to this end include transient or stable transfection using temporarily maintained 
plasmids or genomically integrated DNA, respectively. As each method has advantages and 
disadvantages, the ideal approach depends on the cell type and experimental setup (see [1,2] 
for an overview). Ideally, transgene transfection and expression should have high transfection 
efficiency and reproducibility, low cell toxicity, minimal impact on cell physiology, and ease of 
use. The generation of stable cell lines expressing a gene of interest provides an advantage over 
transient gene expression by reducing variations in transfection efficiency and maintaining 
expression for long-term studies. Typically, stable cell line generation involves the transfection 
of a plasmid containing a promoter that drives the expression of the gene of interest and an 
antibiotic marker to select cells that have integrated the foreign DNA at a random location 
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in the genome. However, stable gene integration at random sites can result in unpredictable 
expression levels, tend to be silenced over time, and/ or may even disrupt the expression of 
endogenous genes near the integration site [3–5]. In addition, transgene expression can be 
strongly influenced by the genomic region, the state of the surrounding chromatin at the inte-
gration site, and the promoter used to express the transgene [5]. To overcome these problems, 
the transgene of choice can be targeted to a ‘safe-harbor locus’ [6]. These are intragenic or 
intergenic regions present in the mammalian genome that allow stable expression of integrated 
transgenes without affecting the host cell. Typical loci used in the mouse genome are Rosa26 
[7–9] and Hprt1 [10–12]. Alternative loci are intergenic regions that do not contain endoge-
nous promoter elements. An example for this is the mouse Hipp11 intergenic region located on 
chromosome 11 and situated between two ubiquitously expressed and oppositely transcribed 
genes, Eif4enif1 and Drg1. This genomic region has been previously characterized as a safe-
harbor locus in mice, pigs and humans [13–16]. We evaluated the mHipp11 locus as a potential 
integration site for proximity labeling enzymes [17], since expression cassettes of these pro-
teins are often integrated into the genome of host cells. Proximity labeling is a relatively novel 
method for biotin tagging of endogenous interacting partners, allowing their isolation and 
identification. It relies on the expression of promiscuous enzymes (modified biotin ligases or 
peroxidases), often as fusion proteins to generate a highly reactive and diffusible biotin species 
for protein or RNA labeling [17,18]. The mHipp11 locus as a genomic targeting site for this 
type of enzymes could be particularly useful for cell lines or organisms whose commonly used 
safe-harbor sites are occupied by other transgenes, e.g., for inducible systems such as the Cre-
lox system or the doxycycline regulatory cassette [19,20]. One such cell line is the genetically 
modified mouse embryonic stem cell (mESC) line that can be differentiated into neurons via 
doxycycline-inducible expression of the neurogenic transcription factor Achaete-scute homo-
log 1 (ASCL1) [19,21,22]. In this line, the components for the doxycycline-inducible ASCL1 
expression have been integrated into the Rosa26 and Hprt1 safe-harbor loci [23]. Here, we 
describe the integration and functional expression of a biotin ligase (‘MicroID’) at the Hipp11 
intergenic region using a CRISPR/Cas9 approach and demonstrate its superiority over standard 
random integration in mESCs and mESC-derived neurons.

Methods

Plasmid constructs
The mHipp11 knock-in vector was kindly provided by Vincent Kelly (Trinity College Dublin, 
Ireland). The 2xMCP-GFP-MicroID protein was expressed either from a human cytomegalovi-
rus (CMV) or mouse phosphoglycerokinase (mPGK) promoter. To generate the corresponding 
plasmids used for targeting, a DNA fragment containing the coding region of the MicroID 
biotin ligase [24] was amplified with a proofreading polymerase from plasmid pSF3-MicroID 
([24]; gift from Julian Bethune, Hamburg University of Applied Science) using primers #7040 
and #7041 (S1 Table). The resulting PCR product and plasmid pcDNA3.1(+) CMV-NLS-
2XMCP-eGFP-BirA* (unpublished) were digested with NotI and Bsp1407 to release BirA* 
and subsequently vector and PCR product were used for ligation to generate pcDNA3.1(+) 
CMV-NLS-2XMCP-eGFP-MicroID. To generate the repair template pBSSKII-C57BL6-J-
Hipp11-CMV-MicroID, we used primer #7378 and #7379 to amplify the CMV-NLS-2XMCP-
eGFP-MicroID insert from the above-mentioned plasmid. PCR fragments were cloned into a 
SpeI-digested pBSSKII-C57BL6-J-Hipp11 knock-in vector using the SLIC method [25].

To generate the pBSSKII-C57BL6-J-Hipp11-mPGK-MicroID repair template, we used 
plasmid pUC57-HDR-Arc to amplify the mPGK promoter with a proofreading poly-
merase and primers #7349 and #7353. The resulting PCR fragment and the pcDNA3.1(+) 
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CMV-NLS-2XMCP-eGFP-MicroID plasmid were digested with MluI and AflII and ligated 
to obtain pcDNA3.1(+) mPGK-NLS-2XMCP-eGFP-MicroID. The sequence containing 
mPGK-NLS-2xMCP-eGFP-MicroID construct was amplified from the plasmid pcDNA3.1(+) 
mPGK-NLS-2XMCP-eGFP-MicroID with primers #7377 and #7378 and the product cloned 
into the SpeI-digested pBSSKII-C57BL6-J-Hipp11mHipp11 knock-in vector using SLIC [25]. 
pBSSKII-C57BL6-J-Hipp11-CMV-MicroID and pBSSKII-C57BL6-J-Hipp11-mPGK-MicroID 
plasmids were verified by sequencing.

Ethics statement
The project did not involve work with animals or human subjects.

Cell culture and differentiation into mESC-derived neurons
mESCs were cultured as previously described in [22] with the following modification: mESCs 
were split twice a week 1:25–1:40 and plated on 0.1% gelatin-coated flasks. For generation 
of mESC-derived neurons 1.5x 106 cells were plated in 12 mL AK medium [22] per 75 cm2 
suspension flask.

Stable cell line generation: CRISPR-Cas9 mediated knock-in of MicroID 
cassettes at the mHipp11 locus
To prepare the ribonucleoprotein particle (RNP) complex 1 μL Cas9 (61 μM), 1,4 μL (100 
μM) gRNA and 0.6 μL 1x PBS were mixed and incubated for 30 min at room temperature. 
For nucleofection, the manufacturer’s instructions for P3 Primary Cell 4D-Nucleofector X Kit 
were followed. Briefly, ~ 6x 106 cells were resuspended in 90 μL Nucleofection solution and 
mixed thoroughly with 4 μL of RNP complex and 6.6 µL repair template (1.5 µg/µL; 10 µg 
plasmid in total). Post nucleofection, 600 μL 80/20 medium was added to cuvettes and ~ 300 
µL of cell suspension was transferred to one 10 cm2 dish. After three days (72 h) post nucleo-
fection, cells were cultured with 175 µg/mL hygromycin for a total of seven days for antibiotic 
selection. To generate monoclonal cell lines, 3–4 mL of cell suspension with a concentration of 
2.5–3.5x 106 cells/mL were thoroughly dissociated to single cells in FACS buffer (1x PBS sup-
plemented with 2% FBS and 0.5 mM EDTA, filtered and stored at 4°C) and filtered through 
a cell strainer. Single cells were sorted based on eGFP expression into 0.1% gelatin-coated 
96-well plates at the FACS Core Facility of the University Hospital Tübingen and expanded.

Isolation of genomic DNA and transgenic screening
eGFP-positive clones were grown in T25 cm2–T75 cm2 flasks, harvested and lysed in 1 mL of 
gDNA lysis buffer (100 mM NaCl, 10 mM Tris-HCl pH 8.0, 25 mM EDTA pH 8.0, 0.5% SDS 
(w/v), 500 µg/mL Proteinase K) at 55°C overnight. After incubation, 300 μL of phenol/ chloro-
form/isoamyl alcohol was added and rotated at room temperature for 60 min before cen-
trifugation (10.000 rpm, 5 min). The upper phase was mixed with 1/10 volume of 3 M NaAc 
pH 5.2 and three volumes of 96% EtOH. The gDNA was pelleted by centrifugation (10 min, 
10.000 rpm, 4°C) and dried at room temperature for 10 min. DNA was mixed with 100–500 μL 
1x TE buffer and incubated at 55°C for ~ 4 h to resuspend. The concentration was determined 
by nanodrop measurements. For screening of successful integration, we used 100 ng/µL as 
gDNA template with the following primer pairs: #7388 +  #7399 (mPGK-MicroID clones) or 
#7388 +  #7418 (CMV-MicroID clones) for the left homology arm (LHA) junction, #7398 +  
#7389 for the right homology arm (RHA) junction, #7413 +  #7414 for eGFP-MicroID integra-
tion and #7390 +  #7391 for checking hetero-/homozygous integration.
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Biotin labeling by MicroID biotin ligase in mESCs and mESC-derived 
neurons
For both cell types, cells were treated with 50 µM biotin (DMSO as negative control) and 
incubated at 37°C for different time points as indicated. All samples were placed on ice and 
washed five times with ice-cold 1x PBS to remove excess biotin. The cells were directly lysed 
with lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2.5 mM MgCl2, 1 mM DTT, 1% 
Triton-X-100, 1x cOmplete™ EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich), scraped 
from the surface and incubated for 10 min on ice. Lysates were cleared by centrifugation 
at 13,200 g for 15 min at 4°C. Protein concentration was quantified using a Bradford assay. 
Lysates were stored at −80°C until further use.

Western blotting and streptavidin pulldown
For all western blots, 20 µg–25 µg of protein was separated on SDS-PAGE gels, transferred to 
nitrocellulose membranes, and then stained by Ponceau S (10 min in 0.1% (w/v) Ponceau S 
in 5% acetic acid/water). The blots were blocked in 5% (w/v) milk in 1x TBST (Tris-buffered 
saline, 0.1% Tween 20) for at least 30 min at room temperature. Blots were incubated with 
primary antibodies in 3% milk (w/v) in 1x TBST overnight at 4°C, washed three times with 1x 
TBST for 10 min each, then incubated with secondary antibodies in 3% milk (w/v) in 1x TBST 
for 1 h at room temperature. For the streptavidin-HRP conjugate, the blots were blocked in 
3% BSA in 1x TBST overnight at 4°C, then incubated with 0.5 µg/mL streptavidin-HRP conju-
gate for 1 h at room temperature. The blots were washed three times with 1x TBST for 10 min 
each before development with Pierce™ ECL Western Blotting substrate (Thermo Fisher). 
Images were acquired on a ChemiDoc Imaging System (Bio-Rad). Upon detection of over-
saturated signal (indicated by a red signal), for simplification the image was processed and 
converted to grayscale. For pulldown of biotinylated proteins before western blotting we used 
250 µg protein lysate for mESCs and 500 µg for mESC-derived neurons. Lysates were mixed 
with 20 µL streptavidin-coupled magnetic beads (GE Healthcare) and incubated for 70 min at 
room temperature. After washing with lysis buffer, 1 M KCl, 0.1 M sodium carbonate buffer, 2 
M urea in 10 mM Tris-HCl (pH 8), and another round of IP lysis buffer (each wash for 1 min 
at room temperature), proteins were eluted in 3x sample buffer supplemented with 2 mM 
biotin and 20 mM DTT (10 min at 95°C).

Immunofluorescence and live-cell imaging
For microscopy experiments (immunofluorescence and live-cell imaging), 2.5x–7.5x 104 cells 
were seeded on glass slides or live-cell imaging chambers coated with either 0.1% gelatin-
coated slides (for mESCs) or 0.01% poly-L-ornithine plus 5 µg/µL laminin (for neurons) and 
grown overnight in case of mESCs or cultured as described above in the section “Cell culture 
and differentiation into mESC-derived neurons”. For live-cell imaging, cells were washed 
once with pre-warmed 1x PBS and imaged in live-cell imaging buffer ([26]; HEPES-buffered 
solution (HBS) containing 20 mM HEPES pH 7.4, 119 mM NaCl, 5 mM KCl, 2 mM CaCl2, 
2 mM MgCl2, 30 mM glucose). For immunofluorescence experiments we followed the proce-
dure described in [22] with following modifications: cells were washed twice with 1x PBS and 
fixed with 3.7% (v/v) paraformaldehyde for 20 min at room temperature. After two washing 
steps with 1x PBS, cells were permeabilized with 0.2% Triton-X-100 for 15 min at room tem-
perature. Cells were again washed three times with 1x PBS and blocked with 10% BSA (w/v) 
for at least 2 h at room temperature or overnight at 4°C. Primary antibodies (S2 Table) were 
diluted in 3% (w/v) BSA and incubated overnight at 4°C. Afterwards, cells were washed three 
times with 1x TBST for 10 min. Secondary antibodies (S2 Table) and the streptavidin-AF594 
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or AF647 conjugate (Thermo-Fisher) were diluted in 3% BSA and cells were incubated for 
1 h at room temperature. The coverslips were washed twice with 3% (w/v) BSA and once with 
1x TBST for 10 min. Cells were counterstained with 0.2 μg/mL DAPI for 10 min, followed by 
three washing steps with 1x PBS before mounting with Vectashield Vibrance Antifade Mount-
ing Medium (Biozol). Cells were imaged with a Zeiss CellObserver equipped with a Colibri 
LED illumination unit. For live cell imaging experiments, we imaged cells with 30–80% LED 
intensity and 200–300 ms exposure time (S2 Fig, S4 Fig). For AF594-streptavidin immuno-
fluorescence we imaged cells with 25% LED intensity and 150 ms exposure time or 50% LED 
and 150 ms exposure time (S4 Fig). Immunofluorescene imaging of mESCs (anti-HA and 
AF647-streptavidin) was performed with 70% LED intensity and 250 ms exposure for HA and 
20% intensity and 150 ms for AF647-streptavidin (Fig 2A). For imaging of neurons (Fig 3) 
with anti-GFP and AF647-streptavidin we used 50% LED intensity and 150 ms exposure time 
for both channels. Detection of Oct3/4, NF200, and MAP2 was done with 30% LED intensity 
and 150 ms exposure time, 20% intensity and 150 ms, or 75% intensity and 150 ms, respec-
tively (S3 Fig).

RNA isolation and RT-qPCR
RNA was isolated with TRI Reagent (Sigma) according to the manufacturer’s proto-
col. For DNAse treatment, 320–1000 ng total RNA was digested with RQ1 RNAse free 
DNase (Promega). DNAse-treated RNA was subsequently used for cDNA synthesis using 
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher). For qPCR using a Fast 
Sybr Green Master Mix (Applied Biosystems), cDNA was diluted 1:15 or 1:25, and mixed 
with primer pair #7557 +  #7558 for eGFP-MicroID or #7137 +  #7138 for GAPDH detec-
tion. Statistical significance for MicroID expression in neurons was analyzed using an 
unpaired Student’s t test.

Results

Generation and validation of mHipp11 CMV MicroID and mHipp11 
mPGK MicroID cell lines
While establishing the expression of biotin ligases for RNA proximity labeling [27,28] in 
mESCs and mESC-derived neurons (‘iNeurons’; [21]), we realized that expression of these 
enzymes ceased during the differentiation process (S1 Fig). We reasoned that this might be 
due to silencing of the CMV (cytomegalovirus) promoter at the (random) chromosomal inte-
gration locus of the expression cassette and decided to target the expression cassette to a ‘safe 
harbor’ locus in the mouse genome. Since two well established safe harbor loci (the Rosa26 
and HPRT locus) are used in this cell line for doxycycline-controlled expression of the ASCL1 
neurogenic transcription factor [21,23], we wanted to test if the mHipp11 intergenic region 
[29] can be targeted for transgenic expression of biotin ligases. We thus generated donor plas-
mids expressing a fusion protein of the MicroID biotin ligase [24], eGFP, and two copies of the 
aptamer-binding MS2 coat protein (MCP; [27,30]) either from a CMV or mPGK promoter. 
The integration cassette was designed to contain two mHipp11 homology arms that flank a 
unique SpeI site in the mHipp11 intergenic region (Fig 1A). To stably express the biotin ligase 
construct from the mHipp11 locus, we applied a CRISPR/Cas9 approach to deliver the donor 
vector, a recombinant Cas9, and chemically modified gRNA to mESCs via nucleofection. 
After selection with Hygromycin, monoclonal cell lines were generated by FACS sorting, 
followed by genotyping via PCR screening (Fig 1B). Of the five monoclonal cell lines screened 
for each construct, four were genotyped to contain the transgene successfully integrated, rep-
resenting a high target efficiency.
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Expression of a MicroID biotin ligase from the mHipp11 locus in mESCs
To confirm that the 2xMCP-eGFP-MicroID constructs are expressed in mESCs, we per-
formed live cell imaging of cell lines with 2xMCP-eGFP-MicroID expressed from a mPGK 
(S2A Fig) or CMV promoter (S2B Fig), both stably integrated at a random genomic locus 
or at the mHipp11 locus. eGFP signal was detected in both cases, suggesting expression of 

Fig 1.  CRISPR/Cas9 mediated integration of two different MicroID constructs into mHipp11 locus. (A) The mouse mHipp11 locus is located between the Eif4enif1 
and Drg1 genes on chromosome 11. CRISPR/Cas9 was used to create a double-stranded break at the unique SpeI site in the mHipp11 intergenic region (vertical red 
line). Via the homology-directed repair (HDR)-mediated repair pathway, a MicroID-containing expression construct (either under a CMV or mPGK promoter, ‘pro’) 
was stably integrated. (B) PCR detection for successful MicroID integration with primers for the left homology arm (LHA, green), right homology arm (RHA, orange), 
MicroID insert (MID, blue) and the WT allele (purple). The expected sizes for each PCR product are depicted in (A).

https://doi.org/10.1371/journal.pone.0315806.g001

https://doi.org/10.1371/journal.pone.0315806.g001
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Fig 2.  MicroID is expressed and active in mESCs. (A) Immunofluorescence images of wildtype and homozygous mHipp11 
mPGK MicroID mESCs (clone 15). Nuclei were stained with DAPI, MicroID detected with an anti-HA antibody, and bioti-
nylated proteins using streptavidin-Alexa Fluor 647. Bottom lane depicts merges of fluorescence images. Scale bars: 20 µm. (B) 
MicroID biotinylation activity was confirmed by western blot using a streptavidin-HRP conjugate for a heterozygous (clone 11) 
and a homozygous (clone 15) mHipp11 cell line expressing mPGK MicroID. Ponceau S staining served as loading control.

https://doi.org/10.1371/journal.pone.0315806.g002

https://doi.org/10.1371/journal.pone.0315806.g002
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the fusion protein in mESCs independent of the integration site. Since the integrated biotin 
ligase construct is expressed, we next validated the biotinylation activity of MicroID when 
expressed from a CMV or mPGK promoter in heterozygous and homozygous clones (Fig 2 
and S2C Fig). Under standard culturing conditions (without additional biotin in the medium) 
in situ staining of biotinylated proteins by streptavidin-coupled Alexa Fluor 647 (Fig 2A) and 

Fig 3.  MicroID is active in mESC-derived neurons when stably integrated into the mHipp11 gene locus and 
expressed from a mPGK promoter. (A) Immunofluorescence staining of wildtype and mHipp11 mPGK MicroID 
mESC-derived neurons (clone 15). Nuclei were stained with DAPI, MicroID-GFP fusion protein detected with an 
anti-GFP antibody, and biotinylated proteins using streptavidin-Alexa Fluor 647. Bottom lane depicts merges of flu-
orescence images. Scale bars: 20 µm. (B) Biotinylation activity of a homozygous mPGK MicroID expressing cell line 
was confirmed by western blot analysis using streptavidin-HRP conjugate. Ponceau S served as loading control.

https://doi.org/10.1371/journal.pone.0315806.g003

https://doi.org/10.1371/journal.pone.0315806.g003
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western blot analysis using streptavidin-HRP (Fig 2B and S2C Fig) revealed modest levels 
of biotinylated proteins in MicroID expressing clones as compared with wild type mESCs. 
Addition of 50 µM biotin to tissue culture medium, however, resulted in a visible stimula-
tion of biotinylation in MicroID clones (heterozygous clone 11 and homozygous clone 15) 
versus cells treated without additional biotin and wild type (Fig 2 and S2C Fig). Noteworthy, 
in situ detection of biotin in clone 15 revealed that the biotinylation pattern overlaps with the 
nuclear signal of the MicroID enzyme (Fig 2A), indicating that the increased signal detected 
by western blotting is due to local biotinylation. We conclude from these observations 
that the MicroID fusion protein is expressed in all mESC variants tested and that, in these 
cells, expression and function is independent of the promoter that drives expression of the 
construct.

mHipp11 MicroID expressing cells display activity in mESC-derived 
neurons
We decided to continue all further experiments in mESCs and mESC-derived neurons with a 
homozygous line expressing MicroID at the mHipp11 locus from a mPGK1 promoter (clone 
15) as previous reports have implicated that the CMV promoter is often silenced over time 
[31,32]. Differentiation into mESC-derived neurons was performed using an established 
protocol [22]. Loss of pluripotency was verified by staining for stem cell markers Oct3/4 
and neuronal markers NF200 and MAP2 (S3 Fig). To ensure that our construct is expressed 
and active in mESC-derived neurons, we performed live-cell imaging, western blot analysis 
using a streptavidin-conjugate, and fluorescence microscopy using streptavidin-coupled 
Alexa Fluor 647 or Alexa Fluor 594 (Fig 3 and S4 Fig). Immmunofluorescence revealed that 
the 2xMCP-eGFP-MicroID construct is expressed and correctly located in the nucleus in 
mHipp11 mPGK MicroID mESC-derived neurons (Fig 3A). To assess biotinylation activity 
of the MicroID enzyme, mESC-derived neurons were cultured with 50 µM biotin and bioti-
nylation assessed by in situ staining using Alexa Fluor647-coupled streptavidin (Fig 3A) or 
western blotting (Fig 3B). In contrast to wild type cells, addition of biotin to mHipp11 mPGK 
MicroID mESC-derived neurons resulted in stronger biotinylation (Fig 3). Furthermore, the 
biotinylation signal overlapped with the nuclear location of the MicroID fusion protein (Fig 
3A).

MicroID labeling in mESCs versus neurons
Having determined that the homozygous mHipp11 mPGK MicroID cell line (clone 15) allows 
expression and biotinylation of proteins in both mESCs and mESC-derived neurons, we next 
compared biotinylation efficiency in mESCs versus mESC-derived neurons. To do so, cell 
lines were cultured in the presence of 50 µM biotin and biotinylated proteins were detected by 
streptavidin-HRP western blotting (Fig 4A). This revealed that the MicroID is actively bioti-
nylating proteins in both mESCs and mESC-derived neurons, although labeling was stronger 
in mESCs. To investigate if this is due to different expression levels, we performed RT-qPCR 
(Fig 4B). We confirmed that the biotin ligase construct is expressed from the mHipp11 
safe-harbor locus. However, we also observed reduced expression levels in mESC-derived 
neurons compared to mESCs, which explains the observed reduced activity. A similar obser-
vation was made on the protein level. Since we failed to obtain MicroID fusion protein signals 
in these experiments in lysates of mESC-derived neurons, we performed GFP pulldown 
experiments from these lysates, followed by detection of the fusion protein by western blot. 
Although the fusion protein could be detected after enrichment by the pulldown, levels were 
much lower compared to those in mESCs (S5 Fig).
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To rule out that our observations of the expression silencing in mESC-derived neurons are 
specific for the MicroID biotin ligase or mPGK promoter, we next tested the expression of 
2xMCP-eGFP-TurboID fusion protein driven by a CMV promoter and randomly integrated into 
the mESC genome. Biotinylation activity in the corresponding cells before and during differen-
tiation was compared to mESCs expressing the MicroID constructs after random integration or 
targeted to the mHipp11 locus. Consistent with our observation that 2xMCP-eGFP-MicroID 
expression is silenced upon differentiation (S1 Fig) when the fusion protein is expressed from a 
CMV promoter at a random site in the genome, we detect far less transgene-dependent bioti-
nylation activity in mESC-derived neurons (Fig 4C, ‘CMV-MicroID’). A similar observation is 
made with an expression construct of the same fusion protein driven from a mPGK promoter 
and integrated at a random location (‘mPGK-MicroID’) or with an expression construct of 
2xMCP-eGFP-TurboID driven from a CMV promoter and integrated at a random location 
(‘CMV-TurboID’). This confirms that the biotin ligase is more active in mESC-derived neurons 
when expressed from the mHipp11 safe-harbor locus compared to the version that is randomly 
integrated into the genome.

Discussion
Proximity labeling approaches aimed to identify molecular partners of a bait protein or RNA 
in vivo. Although CRISPR/Cas can be used for direct genomic tagging of a bait protein with 
the sequence encoding a biotin ligase [33], these approaches often rely on the expression 
of the biotin ligase as a transgene. This is particularly the case when the enzyme is targeted 
to cellular compartments via fusion to localizing peptides [34,35] or sequestered to specific 
RNAs via fusion to RNA-binding domains [27,36]. Transgenic expression of proteins can be 
hampered by silencing, especially when transgenes are randomly integrated into the genome 
(see [5] for an overview). Since many reported proximity labeling approaches rely on tran-
sient transfection [37,38], silencing has not been discussed in the literature. However, a major 
drawback of transient transfection of biotin ligases is the potential for interexperimental 
variation due to uncontrolled overexpression of transgenes. Interestingly, in several cases, 
where transgenes were integrated into the genome, no silencing was reported [35]. This may 
be due to the use of immortalized tumor cell lines, which rarely show such gene silencing after 
random genomic integration [5], or the use of higly active, inducible promoters [24,39,40]. In 
previous work on targeting a biotin ligase (BirA*; [39,41,42]) to ß-actin mRNA we found that 
the BirA*-containing fusion protein must be integrated into the genome of mouse embry-
onic fibroblasts to achieve reliable expression [27]. Applying a similar integration strategy to 
mESCs and cells differentiated from these mESCs, it became apparent that random genomic 
integration of a similar expression construct rapidly results in silencing during differentiation 
(S1 Fig; Fig 4). Inactivation in mESC-derived neurons was independent of the promoter used 
for expression or the type of biotin ligase (Fig 4). To overcome silencing, we stably integrated 
and expressed a transgene encoding a biotin ligase from a ‘safe harbor’ locus. We chose the 
mHipp11 locus because two other well-studied loci, Rosa26 and HPRT, are already used in 
the ASCL1 mESC line used in our experimental setup [21,23,43]. The mHipp11 locus has 
already been successfully used to express other transgenes such as human CD1A in murine 
macrophages and dendritic cells [44] or TIR1 in mESCs, hESCs and differentiated B6V1-TIR1 
mESCs [45]. Integration at the mHipp11 locus has also been shown to result in expression in 
mESCs as well as in neuronal cells derived from them [45]. Consistent with these results, we 
found that a fusion protein of eGFP, the biotin ligase MicroID [24], and the MS2 coat protein 
(MCP; [27,30]) is expressed, correctly targeted to the nucleus, and functional as judged by its 
biotinylation activity (Fig 2 and 3). These results demonstrate that the Hipp11 locus can be 
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used for the stable expression of biotin ligases or fusion proteins containing them. However, 
we also observed that the activity of the MicroID enzyme was lower in mESC-derived neurons 
compared to undifferentiated mESCs. This was likely due to lower expression levels (Fig 4), 
suggesting either that the transgene is partially silenced or that the promoter we used (mPGK) 

Fig 4.  Biotinylation activity in mESCs and mESC-derived neuronal cell lines. (A) MicroID activity in mESCs vs. derived neurons. Cell lines were treated with 50 µM 
excess biotin for 5 h. Middle and right image show the same blot at different exposures. (B) RT-qPCR for MicroID expression in mHipp11 mPGK MicroID mESC-
derived neurons normalized to mHipp11 mPGK MicroID mESCs and GAPDH. Results from three independent experiments are shown. Statistical significance was 
analyzed using an unpaired Student’s t test. ***, p <  0.001. (C) Comparing biotin ligase activity of mESC-derived neuronal cell lines expressing either mPGK-MicroID 
from mHipp11 gene locus with mPGK- or CMV-MicroID, and CMV-TurboID after random integration into the genome. Left and right images show the same blot at 
different exposures. After stripping, the blot was reprobed with an anti-tubulin antibody to control for equal loading.

https://doi.org/10.1371/journal.pone.0315806.g004

https://doi.org/10.1371/journal.pone.0315806.g004
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has a lower activity in neurons than in mESCs. A similar partial downregulation has already 
been observed for the TIR1 protein in B6V1-TIR1 mESC-derived neurons [45]. Hoever, it should 
be noted, that in our ASCL1-inducible neurons, biotinylation activity of the MicroID enzyme 
is still observed in neuronal cells after 8 days of differentiation, even under constitutive 
expression conditions.

Our data thus demonstrate the potential of the mHipp11 gene locus for transgene target-
ing in cell lines with other commonly used safe harbor loci such as Rosa26 or HPRT already 
occupied. We also show that all three loci can be used in combination. This may be very 
useful for biotin ligases that cannot be expressed as a fusion protein from the corresponding 
endogenous locus and require their own expression elements. It will be particularly useful in 
BioID approaches aimed at characterizing of changing interactome patterns between non-
differentiated cells and differentiating cells at different stages.

Supporting information
S1 Fig.  Live cell imaging of 2xMCP-eGFP-MicroID or 2xMCP-eGFP-TurboID expressed 
in mESCs vs mESC-derived neurons. The expression construct was randomly integrated into 
the genome. Only background signal is detected in neurons, whereas a strong nuclear eGFP 
signal in mESCs is present. Scale bars: 20 µm.
(TIFF)

S2 Fig.  MicroID-containing fusion protein is expressed from mPGK and CMV pro-
moters and active in mESCs. (A) Live imaging of 2xMCP-eGFP-MicroID expressed from 
a mPGK promoter after random integration into the mESC genome (second column) or 
targeted integration into the mHipp11 locus (four different clones shown). (B) Live imaging 
of 2xMCP-eGFP-MicroID expressed from a CMV promoter after random integration into the 
mESC genome (second column) or targeted integration into the mHipp11 locus (four differ-
ent clones shown). (C) Biotinylation activity of two clones expressing 2xMCP-eGFP-MicroID 
from the mHipp11 locus. Biotinylated proteins are detected via streptavidin-HRP. Two differ-
ent exposures of the same blot are shown. Strong biotinylation is only detectable in MicroID 
clones after addition of excess biotin. Scale bar: 20 µm.
(TIFF)

S3 Fig.  Immunofluorescence staining of stem cell pluripotency marker Oct3/4 and 
neuronal markers NF200 and Map2 in mESCs and mESC-derived neurons. (A) Wild type 
and mHipp11 mPGK MicroID mESCs were stained with an anti-Oct3/4 antibody to validate 
pluripotency. Merged images show overlapping DAPI and Oct3/4 signal in the nucleus. Scale 
bars: 10 µm. (B) Wild type and mHipp11 mPGK MicroID mESC-derived neurons (clone 15) 
were differentiated until day 8 and day 10 and stained with anti-NF200 antibody and anti-
MAP2 antibody to validate neuronal markers. Merged images are composites of DAPI, NF200 
and MAP2 staining. Scale bar: 20 µm. (C) Wild type and mHipp11 mPGK MicroID mESC-
derived neurons were stained with an anti-Oct3/4 antibody to verify loss of pluripotency after 
differentiation.
(TIFF)

S4 Fig.  MicroID is active in mESC-derived neurons when stably integrated into the 
mHipp11 gene locus and expressed from a mPGK promoter. (A) MicroID construct expres-
sion in mESC-derived neurons was confirmed by live-cell imaging. Wild type cells show no 
nuclear eGFP signal. (B) Biotinylation activity in mESC-derived neurons at different time 
points was visualized by streptavidin-coupled Alexa Fluor 594. Scale bars: 20 µm.
(TIFF)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315806.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315806.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315806.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315806.s004


PLOS ONE | https://doi.org/10.1371/journal.pone.0315806  March 4, 2025 13 / 15

PLOS ONE Transgenic biotin ligase expression from mouse Hipp11 locus

S5 Fig.  Streptavidin pulldown of biotinylated proteins in mESCs and mESC-derived neu-
rons. MicroID fusion protein (70 kDa, arrow) was detected by an anti-GFP antibody in total 
cell lysates (left lanes) and after enrichment by pulldown (right lanes).
(TIFF)

S6 Fig.  Raw data of gels and western blots displayed in Figures 1, 2, 4, S2 Fig, and S5 Fig. .
(PDF)

S1 Table.  Primers used in this study. 
(PDF)

S2 Table.  Antibodies used in this study. 
(PDF)

Acknowledgement
We would like to thank Vincent Kelly (Trinity College Dublin) for providing us with the 
mHipp11 knock-in vector, Marina Chekulaeva (Berlin Institute for Medical Systems Biology 
of the Max Delbrück Center) for the ASCL1 murine cell line, Julien Bethune (Hamburg Uni-
versity of Applied Science) for the plasmid carrying MicroID, Stefan Hauser (Hertie Institute 
for Clinical Brain Research Tübingen) for the MAP2 antibody, and Iliana Nikolou for help 
with RNA isolation.

Author contributions
Conceptualization: Lisa Feicht, Ralf-Peter Jansen.
Funding acquisition: Ralf-Peter Jansen.
Investigation: Lisa Feicht, Aaron Dangel.
Methodology: Aaron Dangel.
Project administration: Ralf-Peter Jansen.
Validation: Lisa Feicht.
Visualization: Lisa Feicht.
Writing – original draft: Lisa Feicht, Aaron Dangel, Ralf-Peter Jansen.
Writing – review & editing: Lisa Feicht, Ralf-Peter Jansen.

References
	1.	 Colosimo A, Goncz KK, Holmes AR, Kunzelmann K, Novelli G, Malone RW, et al. Transfer and 

expression of foreign genes in mammalian cells. Biotechniques. 2000;29(2):314–8, 320–2, 324 passim. 
https://doi.org/10.2144/00292rv01 PMID: 10948433

	2.	 Kim TK, Eberwine JH. Mammalian cell transfection: the present and the future. Anal Bioanal Chem. 
2010;397(8):3173–8. https://doi.org/10.1007/s00216-010-3821-6 PMID: 20549496

	3.	 Mutskov V, Felsenfeld G. Silencing of transgene transcription precedes methylation of promoter DNA 
and histone H3 lysine 9. EMBO J. 2004;23(1):138–49. https://doi.org/10.1038/sj.emboj.7600013 PMID: 
14685282

	4.	 Alhaji SY, Ngai SC, Abdullah S. Silencing of transgene expression in mammalian cells by DNA methyl-
ation and histone modifications in gene therapy perspective. Biotechnol Genet Eng Rev. 2019;35(1):1–
25. https://doi.org/10.1080/02648725.2018.1551594 PMID: 30514178

	5.	 Cabrera A, Edelstein HI, Glykofrydis F, Love KS, Palacios S, Tycko J, et al. The sound of silence: trans-
gene silencing in mammalian cell engineering. Cell Syst. 2022;13(12):950–73. https://doi.org/10.1016/j.
cels.2022.11.005 PMID: 36549273

	6.	 Pavani G, Amendola M. Targeted gene delivery: where to land. Front Genome Ed. 2021;2:609650. 
https://doi.org/10.3389/fgeed.2020.609650 PMID: 34713234

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315806.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315806.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315806.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0315806.s008
https://doi.org/10.2144/00292rv01
http://www.ncbi.nlm.nih.gov/pubmed/10948433
https://doi.org/10.1007/s00216-010-3821-6
http://www.ncbi.nlm.nih.gov/pubmed/20549496
https://doi.org/10.1038/sj.emboj.7600013
http://www.ncbi.nlm.nih.gov/pubmed/14685282
https://doi.org/10.1080/02648725.2018.1551594
http://www.ncbi.nlm.nih.gov/pubmed/30514178
https://doi.org/10.1016/j.cels.2022.11.005
https://doi.org/10.1016/j.cels.2022.11.005
http://www.ncbi.nlm.nih.gov/pubmed/36549273
https://doi.org/10.3389/fgeed.2020.609650
http://www.ncbi.nlm.nih.gov/pubmed/34713234


PLOS ONE | https://doi.org/10.1371/journal.pone.0315806  March 4, 2025 14 / 15

PLOS ONE Transgenic biotin ligase expression from mouse Hipp11 locus

	 7.	 Chu VT, Weber T, Graf R, Sommermann T, Petsch K, Sack U, et al. Efficient generation of Rosa26 
knock-in mice using CRISPR/Cas9 in C57BL/6 zygotes. BMC Biotechnol. 2016;16:4. https://doi.
org/10.1186/s12896-016-0234-4 PMID: 26772810

	 8.	 Haenebalcke L, Goossens S, Dierickx P, Bartunkova S, D’Hont J, Haigh K, et al. The ROSA26-iPSC 
mouse: a conditional, inducible, and exchangeable resource for studying cellular (De)differentiation. 
Cell Rep. 2013;3(2):335–41. https://doi.org/10.1016/j.celrep.2013.01.016 PMID: 23395636

	 9.	 Kasparek P, Krausova M, Haneckova R, Kriz V, Zbodakova O, Korinek V, et al. Efficient gene targeting 
of the Rosa26 locus in mouse zygotes using TALE nucleases. FEBS Lett. 2014;588(21):3982–8. 
https://doi.org/10.1016/j.febslet.2014.09.014 PMID: 25241166

	10.	 Evans V, Hatzopoulos A, Aird WC, Rayburn HB, Rosenberg RD, Kuivenhoven JA. Targeting the Hprt 
locus in mice reveals differential regulation of Tie2 gene expression in the endothelium. Physiol 
Genomics. 2000;2(2):67–75. https://doi.org/10.1152/physiolgenomics.2000.2.2.67 PMID: 11015584

	11.	 Heaney JD, Rettew AN, Bronson SK. Tissue-specific expression of a BAC transgene targeted to the 
Hprt locus in mouse embryonic stem cells. Genomics. 2004;83(6):1072–82. https://doi.org/10.1016/j.
ygeno.2003.12.015 PMID: 15177560

	12.	 Palais G, Nguyen Dinh Cat A, Friedman H, Panek-Huet N, Millet A, Tronche F, et al. Targeted 
transgenesis at the HPRT locus: an efficient strategy to achieve tightly controlled in vivo conditional 
expression with the tet system. Physiol Genomics. 2009;37(2):140–6. https://doi.org/10.1152/physi-
olgenomics.90328.2008 PMID: 19141541

	13.	 Tasic B, Hippenmeyer S, Wang C, Gamboa M, Zong H, Chen-Tsai Y, et al. Site-specific integrase-
mediated transgenesis in mice via pronuclear injection. Proc Natl Acad Sci U S A. 2011;108(19):7902–
7. https://doi.org/10.1073/pnas.1019507108 PMID: 21464299

	14.	 Li Y-S, Meng R-R, Chen X, Shang C-L, Li H-B, Zhang T-J, et al. Generation of H11-albumin-rtTA trans-
genic mice: a tool for inducible gene expression in the liver. G3 (Bethesda). 2019;9(2):591–9. https://
doi.org/10.1534/g3.118.200963 PMID: 30591434

	15.	 Ruan J, Li H, Xu K, Wu T, Wei J, Zhou R, et al. Highly efficient CRISPR/Cas9-mediated transgene 
knockin at the H11 locus in pigs. Sci Rep. 2015;5:14253. https://doi.org/10.1038/srep14253 PMID: 
26381350

	16.	 Zhu F, Gamboa M, Farruggio AP, Hippenmeyer S, Tasic B, Schüle B, et al. DICE, an efficient system 
for iterative genomic editing in human pluripotent stem cells. Nucleic Acids Res. 2014;42(5):e34. 
https://doi.org/10.1093/nar/gkt1290 PMID: 24304893

	17.	 Qin W, Cho KF, Cavanagh PE, Ting AY. Deciphering molecular interactions by proximity labeling. Nat 
Methods. 2021;18(2):133–43. https://doi.org/10.1038/s41592-020-01010-5 PMID: 33432242

	18.	 Zhou Y, Zou P. The evolving capabilities of enzyme-mediated proximity labeling. Curr Opin Chem Biol. 
2021;60:30–8. https://doi.org/10.1016/j.cbpa.2020.06.013 PMID: 32801087

	19.	 Chanda S, Ang CE, Davila J, Pak C, Mall M, Lee QY, et al. Generation of induced neuronal cells by 
the single reprogramming factor ASCL1. Stem Cell Rep. 2014;3(2):282–96. https://doi.org/10.1016/j.
stemcr.2014.05.020 PMID: 25254342

	20.	 Xie M, Fussenegger M. Designing cell function: assembly of synthetic gene circuits for cell biology 
applications. Nat Rev Mol Cell Biol. 2018;19(8):507–25. https://doi.org/10.1038/s41580-018-0024-z 
PMID: 29858606

	21.	 Zappulo A, van den Bruck D, Ciolli Mattioli C, Franke V, Imami K, McShane E, et al. RNA localiza-
tion is a key determinant of neurite-enriched proteome. Nat Commun. 2017;8(1):583. https://doi.
org/10.1038/s41467-017-00690-6 PMID: 28928394

	22.	 Ludwik KA, von Kuegelgen N, Chekulaeva M. Genome-wide analysis of RNA and protein local-
ization and local translation in mESC-derived neurons. Methods. 2019;162–163:31–41. https://doi.
org/10.1016/j.ymeth.2019.02.002 PMID: 30742998

	23.	 Kyba M, Perlingeiro RCR, Daley GQ. HoxB4 confers definitive lymphoid-myeloid engraftment potential 
on embryonic stem cell and yolk sac hematopoietic progenitors. Cell. 2002;109(1):29–37. https://doi.
org/10.1016/s0092-8674(02)00680-3 PMID: 11955444

	24.	 Kubitz L, Bitsch S, Zhao X, Schmitt K, Deweid L, Roehrig A, et al. Engineering of ultraID, a com-
pact and hyperactive enzyme for proximity-dependent biotinylation in living cells. Commun Biol. 
2022;5(1):657. https://doi.org/10.1038/s42003-022-03604-5 PMID: 35788163

	25.	 Jeong J-Y, Yim H-S, Ryu J-Y, Lee HS, Lee J-H, Seen D-S, et al. One-step sequence- and 
ligation-independent cloning as a rapid and versatile cloning method for functional genomics 
studies. Appl Environ Microbiol. 2012;78(15):5440–3. https://doi.org/10.1128/AEM.00844-12 PMID: 
22610439

https://doi.org/10.1186/s12896-016-0234-4
https://doi.org/10.1186/s12896-016-0234-4
http://www.ncbi.nlm.nih.gov/pubmed/26772810
https://doi.org/10.1016/j.celrep.2013.01.016
http://www.ncbi.nlm.nih.gov/pubmed/23395636
https://doi.org/10.1016/j.febslet.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25241166
https://doi.org/10.1152/physiolgenomics.2000.2.2.67
http://www.ncbi.nlm.nih.gov/pubmed/11015584
https://doi.org/10.1016/j.ygeno.2003.12.015
https://doi.org/10.1016/j.ygeno.2003.12.015
http://www.ncbi.nlm.nih.gov/pubmed/15177560
https://doi.org/10.1152/physiolgenomics.90328.2008
https://doi.org/10.1152/physiolgenomics.90328.2008
http://www.ncbi.nlm.nih.gov/pubmed/19141541
https://doi.org/10.1073/pnas.1019507108
http://www.ncbi.nlm.nih.gov/pubmed/21464299
https://doi.org/10.1534/g3.118.200963
https://doi.org/10.1534/g3.118.200963
http://www.ncbi.nlm.nih.gov/pubmed/30591434
https://doi.org/10.1038/srep14253
http://www.ncbi.nlm.nih.gov/pubmed/26381350
https://doi.org/10.1093/nar/gkt1290
http://www.ncbi.nlm.nih.gov/pubmed/24304893
https://doi.org/10.1038/s41592-020-01010-5
http://www.ncbi.nlm.nih.gov/pubmed/33432242
https://doi.org/10.1016/j.cbpa.2020.06.013
http://www.ncbi.nlm.nih.gov/pubmed/32801087
https://doi.org/10.1016/j.stemcr.2014.05.020
https://doi.org/10.1016/j.stemcr.2014.05.020
http://www.ncbi.nlm.nih.gov/pubmed/25254342
https://doi.org/10.1038/s41580-018-0024-z
http://www.ncbi.nlm.nih.gov/pubmed/29858606
https://doi.org/10.1038/s41467-017-00690-6
https://doi.org/10.1038/s41467-017-00690-6
http://www.ncbi.nlm.nih.gov/pubmed/28928394
https://doi.org/10.1016/j.ymeth.2019.02.002
https://doi.org/10.1016/j.ymeth.2019.02.002
http://www.ncbi.nlm.nih.gov/pubmed/30742998
https://doi.org/10.1016/s0092-8674(02)00680-3
https://doi.org/10.1016/s0092-8674(02)00680-3
http://www.ncbi.nlm.nih.gov/pubmed/11955444
https://doi.org/10.1038/s42003-022-03604-5
http://www.ncbi.nlm.nih.gov/pubmed/35788163
https://doi.org/10.1128/AEM.00844-12
http://www.ncbi.nlm.nih.gov/pubmed/22610439


PLOS ONE | https://doi.org/10.1371/journal.pone.0315806  March 4, 2025 15 / 15

PLOS ONE Transgenic biotin ligase expression from mouse Hipp11 locus

	26.	 Park HY, Lim H, Yoon YJ, Follenzi A, Nwokafor C, Lopez-Jones M, et al. Visualization of dynamics 
of single endogenous mRNA labeled in live mouse. Science. 2014;343(6169):422–4. https://doi.
org/10.1126/science.1239200 PMID: 24458643

	27.	 Mukherjee J, Hermesh O, Eliscovich C, Nalpas N, Franz-Wachtel M, Maček B, et al. β-Actin mRNA 
interactome mapping by proximity biotinylation. Proc Natl Acad Sci U S A. 2019;116(26):12863–72. 
https://doi.org/10.1073/pnas.1820737116 PMID: 31189591

	28.	 Weissinger R, Heinold L, Akram S, Jansen R-P, Hermesh O. RNA proximity labeling: a new detec-
tion tool for RNA-protein interactions. Molecules. 2021;26(8):2270. https://doi.org/10.3390/mole-
cules26082270 PMID: 33919831

	29.	 Hippenmeyer S, Youn YH, Moon HM, Miyamichi K, Zong H, Wynshaw-Boris A, et al. Genetic 
mosaic dissection of Lis1 and Ndel1 in neuronal migration. Neuron. 2010;68(4):695–709. https://doi.
org/10.1016/j.neuron.2010.09.027 PMID: 21092859

	30.	 Peabody DS. The RNA binding site of bacteriophage MS2 coat protein. EMBO J. 1993;12(2):595–600. 
https://doi.org/10.1002/j.1460-2075.1993.tb05691.x PMID: 8440248

	31.	 Mehta AK, Majumdar SS, Alam P, Gulati N, Brahmachari V. Epigenetic regulation of cytomegalovirus 
major immediate-early promoter activity in transgenic mice. Gene. 2009;428(1–2):20–4. https://doi.
org/10.1016/j.gene.2008.09.033 PMID: 18976699

	32.	 Nieuwenhuis B, Haenzi B, Hilton S, Carnicer-Lombarte A, Hobo B, Verhaagen J, et al. Optimization of 
adeno-associated viral vector-mediated transduction of the corticospinal tract: comparison of four pro-
moters. Gene Ther. 2021;28(1–2):56–74. https://doi.org/10.1038/s41434-020-0169-1 PMID: 32576975

	33.	 Meurant S, Mauclet L, Dieu M, Arnould T, Eyckerman S, Renard P. Endogenous TOM20 prox-
imity labeling: a Swiss-knife for the study of mitochondrial proteins in human cells. Int J Mol Sci. 
2023;24(11):9604. https://doi.org/10.3390/ijms24119604 PMID: 37298552

	34.	 Hung V, Lam SS, Udeshi ND, Svinkina T, Guzman G, Mootha VK, et al. Proteomic mapping of  
cytosol-facing outer mitochondrial and ER membranes in living human cells by proximity biotinylation. 
Elife. 2017;6e24463. https://doi.org/10.7554/eLife.24463 PMID: 28441135

	35.	 Fazal FM, Han S, Parker KR, Kaewsapsak P, Xu J, Boettiger AN, et al. Atlas of subcellular RNA 
localization revealed by APEX-Seq. Cell. 2019;178(2):473-490.e26. https://doi.org/10.1016/j.
cell.2019.05.027 PMID: 31230715

	36.	 Ramanathan M, Majzoub K, Rao DS, Neela PH, Zarnegar BJ, Mondal S, et al. RNA-protein inter-
action detection in living cells. Nat Methods. 2018;15(3):207–12. https://doi.org/10.1038/nmeth.4601 
PMID: 29400715

	37.	 Hung V, Zou P, Rhee H-W, Udeshi ND, Cracan V, Svinkina T, et al. Proteomic mapping of the 
human mitochondrial intermembrane space in live cells via ratiometric APEX tagging. Mol Cell. 
2014;55(2):332–41. https://doi.org/10.1016/j.molcel.2014.06.003 PMID: 25002142

	38.	 Lee S-Y, Kang M-G, Park J-S, Lee G, Ting AY, Rhee H-W. APEX fingerprinting reveals the subcellu-
lar localization of proteins of interest. Cell Rep. 2016;15(8):1837–47. https://doi.org/10.1016/j.cel-
rep.2016.04.064 PMID: 27184847

	39.	 Roux KJ, Kim DI, Raida M, Burke B. A promiscuous biotin ligase fusion protein identifies proximal 
and interacting proteins in mammalian cells. J Cell Biol. 2012;196(6):801–10. https://doi.org/10.1083/
jcb.201112098 PMID: 22412018

	40.	 May DG, Scott KL, Campos AR, Roux KJ. Comparative application of BioID and TurboID for protein-proximity 
biotinylation. Cells. 2020;9(5):1070. https://doi.org/10.3390/cells9051070 PMID: 32344865

	41.	 Choi-Rhee E, Schulman H, Cronan JE. Promiscuous protein biotinylation by Escherichia coli biotin 
protein ligase. Protein Sci. 2004;13(11):3043–50. https://doi.org/10.1110/ps.04911804 PMID: 15459338

	42.	 Cronan JE. Targeted and proximity-dependent promiscuous protein biotinylation by a mutant Esch-
erichia coli biotin protein ligase. J Nutr Biochem. 2005;16(7):416–8. https://doi.org/10.1016/j.jnut-
bio.2005.03.017 PMID: 15992681

	43.	 Iacovino M, Roth ME, Kyba M. Rapid genetic modification of mouse embryonic stem cells by 
inducible cassette exchange recombination. Methods Mol Biol. 2014;1101:339–51. https://doi.
org/10.1007/978-1-62703-721-1_16 PMID: 24233789

	44.	 Browning J, Rooney M, Hams E, Takahashi S, Mizuno S, Sugiyama F, et al. Highly efficient  
CRISPR-targeting of the murine Hipp11 intergenic region supports inducible human transgene 
expression. Mol Biol Rep. 2020;47(2):1491–8. https://doi.org/10.1007/s11033-019-05204-9 PMID: 
31811500

	45.	 Pryzhkova MV, Xu MJ, Jordan PW. Adaptation of the AID system for stem cell and transgenic mouse 
research. Stem Cell Res. 2020;49:102078. https://doi.org/10.1016/j.scr.2020.102078 PMID: 33202307

https://doi.org/10.1126/science.1239200
https://doi.org/10.1126/science.1239200
http://www.ncbi.nlm.nih.gov/pubmed/24458643
https://doi.org/10.1073/pnas.1820737116
http://www.ncbi.nlm.nih.gov/pubmed/31189591
https://doi.org/10.3390/molecules26082270
https://doi.org/10.3390/molecules26082270
http://www.ncbi.nlm.nih.gov/pubmed/33919831
https://doi.org/10.1016/j.neuron.2010.09.027
https://doi.org/10.1016/j.neuron.2010.09.027
http://www.ncbi.nlm.nih.gov/pubmed/21092859
https://doi.org/10.1002/j.1460-2075.1993.tb05691.x
http://www.ncbi.nlm.nih.gov/pubmed/8440248
https://doi.org/10.1016/j.gene.2008.09.033
https://doi.org/10.1016/j.gene.2008.09.033
http://www.ncbi.nlm.nih.gov/pubmed/18976699
https://doi.org/10.1038/s41434-020-0169-1
http://www.ncbi.nlm.nih.gov/pubmed/32576975
https://doi.org/10.3390/ijms24119604
http://www.ncbi.nlm.nih.gov/pubmed/37298552
https://doi.org/10.7554/eLife.24463
http://www.ncbi.nlm.nih.gov/pubmed/28441135
https://doi.org/10.1016/j.cell.2019.05.027
https://doi.org/10.1016/j.cell.2019.05.027
http://www.ncbi.nlm.nih.gov/pubmed/31230715
https://doi.org/10.1038/nmeth.4601
http://www.ncbi.nlm.nih.gov/pubmed/29400715
https://doi.org/10.1016/j.molcel.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/25002142
https://doi.org/10.1016/j.celrep.2016.04.064
https://doi.org/10.1016/j.celrep.2016.04.064
http://www.ncbi.nlm.nih.gov/pubmed/27184847
https://doi.org/10.1083/jcb.201112098
https://doi.org/10.1083/jcb.201112098
http://www.ncbi.nlm.nih.gov/pubmed/22412018
https://doi.org/10.3390/cells9051070
http://www.ncbi.nlm.nih.gov/pubmed/32344865
https://doi.org/10.1110/ps.04911804
http://www.ncbi.nlm.nih.gov/pubmed/15459338
https://doi.org/10.1016/j.jnutbio.2005.03.017
https://doi.org/10.1016/j.jnutbio.2005.03.017
http://www.ncbi.nlm.nih.gov/pubmed/15992681
https://doi.org/10.1007/978-1-62703-721-1_16
https://doi.org/10.1007/978-1-62703-721-1_16
http://www.ncbi.nlm.nih.gov/pubmed/24233789
https://doi.org/10.1007/s11033-019-05204-9
http://www.ncbi.nlm.nih.gov/pubmed/31811500
https://doi.org/10.1016/j.scr.2020.102078
http://www.ncbi.nlm.nih.gov/pubmed/33202307
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

