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Precise manipulation of chromatin folding is important for understanding the relation-
ship between the three-dimensional genome and nuclear function. Existing tools can
reversibly establish individual chromatin loops but fail to manipulate two or more chro-
matin loops. Here, we engineer a powerful CRISPR system which can manipulate mul-
tiple chromatin contacts using bioorthogonal reactions, termed the bioorthogonal
reaction-mediated programmable chromatin loop (BPCL) system. The multiinput
BPCL system employs engineered single-guide RNAs recognized by discrete bioorthog-
onal adaptors to independently and dynamically control different chromatin loops for-
mation without cross-talk in the same cell or to establish hubs of multiway chromatin
contacts. We use the BPCL system to successfully juxtapose the pluripotency gene pro-
moters to enhancers and activate their endogenous expression. BPCL enables us to
independently engineer multiway chromatin contacts without cross-talk, which pro-
vides a way to precisely dissect the high complexity and dynamic nature of chromatin
folding.

3D genome j chromatin loop j CRISPR j bioorthogonal reaction j engineered sgRNAs

Mammalian genomic DNA can exceed 2 m in linear length (1). For adapting the cell
nucleus, DNA does not exist as a linear molecule but instead is hierarchically packaged to
form a chromatin fiber, which is subsequently folded into complex higher-order structures
such as loops, domains, and compartments (2). Chromatin folding has been demonstrated
to be involved in regulating many biological processes. For example, the formation of
chromatin loops is frequently linked to long-distance gene regulation that in turn controls
development and cell fate commitment (3), and abnormal chromatin loops formation
may indicate a sign of disease (4, 5). Therefore, engineering of chromatin loops can help
elucidate how chromatin loops provide spatiotemporal precision in transcriptional regula-
tion. Recent progress on the development of tools based on zinc fingers (ZF) or
CRISPR–nuclease-deactivated Cas9 (CRISPR-dCas9) has enabled controlling chromatin
loop formation (6). Deng et al. developed a ZF strategy to induce chromatin looping by
the ZF protein fused with the looping factor LDB to induce chromatin loop at the
endogenous β-globin locus (7). Hao et al. used two orthogonal Streptococcus pyogenes (Sp)
and Streptococcus thermophilus (St) dCas9 proteins that are fused with leucine zippers to
establish a chromatin loop between the two endogenous genomic loci (8). To further
enhance the operability of the tools for engineering chromatin loops, Morgan et al. and
Kim et al., respectively, developed small ligand- or optogenetic-inducible CRISPR-based
tools, chromatin loop reorganization using CRISPR-dCas9 (CLOuD9), and light-
activated dynamic looping (LADL) (9, 10). However, all these reported tools can only
manipulate individual chromatin loops, which has prohibited our ability to more pre-
cisely dissect the high complexity and dynamic nature of chromatin folding. The devel-
opment of tools to engineer chromatin loops in a multiplexed and orthogonal fashion
will help toward building a more thorough understanding of how DNA controls chro-
matin folding and how the latter underlies proper gene regulation. These potential
insights would be of significant importance for deciphering the correlation between
aberrations in three-dimensional genome and cell fate, generic diseases, and cancers.
Bioorthogonal chemistry has emerged as a powerful toolbox for dissecting complex

biological processes in the native environment (11, 12). A series of chemical reactions
that is orthogonal to most functional groups in living systems have shown great poten-
tial to regulate specific biological events (13, 14). The well-known examples of such
reactions are the azide–alkyne cycloaddition and the inverse electron demand
DielsAlder reaction, often referred to as “click” chemistry (15). Such bioorthogonal
reactive groups can be engineered into a biomolecule, such as nucleic acids (16, 17),
proteins (18), lipids (19, 20), and glycans (21, 22), without perturbing their biological
function, enabling the selective installation of special tag or manipulation of the bio-
molecules in their native environment.

Significance

The development of tools to
manipulate chromatin contacts in
a multiplexed and orthogonal
fashion will help toward building a
more thorough understanding of
how DNA controls chromatin
folding and how the latter
underlies proper gene regulation.
However, existing tools can only
manipulate chromatin contacts of
two genomic loci. In this work, we
developed a chromatin topology
operating system by combing
CRISPR and bioorthogonal
chemistry, which can dynamically
and orthogonally engineer
chromatin contacts of multiple
genomic loci. Future work with
this system will better reveal the
hierarchy and dynamics of the
three-dimensional genome as well
as how both de novo and
orthogonal chromatin contacts of
multiple genomic loci can be
harnessed to alter transcriptional
programs in development and
disease.

Author affiliations: aState Key Laboratory of Rare Earth
Resource Utilization, Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences, Changchun
130022, People’s Republic of China; bLaboratory of
Chemical Biology, Changchun Institute of Applied
Chemistry, Changchun 130022, People’s Republic of
China; and cSchool of Applied Chemistry and
Engineering, University of Science and Technology of
China, Hefei 230026, People’s Republic of China

Author contributions: J.R. and X.Q. designed research;
G.Q. performed research; G.Q., J.Y., and C.Z. contributed
new reagents/analytic tools; G.Q., J.Y., and C.Z. analyzed
data; and G.Q. and X.Q. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
xqu@ciac.ac.cn.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2204725119/-/DCSupplemental.

Published August 29, 2022.

PNAS 2022 Vol. 119 No. 36 e2204725119 https://doi.org/10.1073/pnas.2204725119 1 of 7

RESEARCH ARTICLE | CHEMISTRY
BIOCHEMISTRY

https://orcid.org/0000-0002-7506-627X
https://orcid.org/0000-0003-2868-3205
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xqu@ciac.ac.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204725119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204725119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2204725119&domain=pdf&date_stamp=2022-08-26


Here, we present a bioorthogonal CRISPR system for regulat-
ing complex chromatin folding events, termed the bioorthogonal
reaction-mediated programmable chromatin loop (BPCL) system.
We have systematically explored three BPCL systems and opti-
mized how dCas9 can deploy the clickable and photocleavable
adaptors to the targeted genome loci by dynamically incorporat-
ing the adaptors into the single-guide RNAs (sgRNAs) scaffolds.
By using two compatible bioorthogonal reactions strain promoted
azide–alkyne cycloaddition (SPAAC) and strain-promoted inverse
electron-demand DielsAlder cycloaddition (SPIEDAC), the sys-
tem can dynamically regulate different chromatin loops formation
without cross-talk in the same cell or establish the hubs of multi-
way chromatin contacts. By using the optimized system, we suc-
cessfully juxtaposed the promoters of the pluripotency genes to
their enhancers, enabling activation of their endogenous expres-
sion. BPCL enables the manipulation of chromatin folding in
distinct regulatory patterns, and our work provides insights into
highly specific and orthogonal control over multiple chromatin
contacts by using bioorthogonal chemistry.

Results

Design and Implementation of the BPCL System. We designed
the BPCL system in a modular manner with three key compo-
nents. First, we engineered two sgRNAs respectively integrated
with the adaptor target sequence 1 (ATS1) and ATS2 not found
in the human genome (23). Second, these sgRNAs were used to
recruit dCas9 at two different genomic target sites. Finally, we
used single-stranded clickable oligonucleotide adaptors (ssCOAs),
which were modified by SPAAC-reactive groups (azide or
DBCO) as well as the photocleavable (PC) linker (SI Appendix,
Fig. S1) as chromatin loop-induced agents (Fig. 1A). In principle,
BPCL would reversibly manipulate chromatin loops via supple-
mentation/photocleavage of the adaptors due to inducing dCas9/
sgRNA complex dimerization by SPAAC ligation.
Engineering the recruitment sequences for proteins or

nucleic acids into sgRNA scaffolds has been widely investigated
to expand or optimize the CRISPR toolset (17, 23–25). We
designed three different kinds of sgRNA scaffolds, each with
the ATS appended into the sgRNA stem loop 2 (SL2-sgRNA),
tetraloop (TL-sgRNA), and 30 terminal end (30-sgRNA) (SI
Appendix, Tables S1 and S2). We generated three vectors including
dCas9 and three different kinds of gRNAs, respectively, and
named the resulting vectors BPCL 1.1, BPCL 1.2, and BPCL 1.3
(Fig. 1B and SI Appendix, Figs. S2–S4). We first determined
whether the designed sgRNAs with supplementation of the adap-
tors were still functional. By performing chromatin immunoprecip-
itation (ChIP), we demonstrated strong enrichment of dCas9 at
the target sites with supplementation of the single-stranded oligo-
nucleotide adaptors (ssOAs, without bioorthogonal reactive group
modification, as a control), but not a nonspecific genomic region
(Fig. 1C), indicating the correct localization and targeting of each
BPCL. Given that the dCas9/sgRNA CRISPR system can be used
to visualize genomic repetitive sequences such as telomeres in living
cells (26), we therefore explored whether the designed sgRNAs
with supplementation of the adaptors affected the specificity and
efficiency of telomere imaging by CRISPR. We performed two-
color imaging with a dCas9-EGFP (enhanced green fluorescent
protein) CRISPR system and immunofluorescence for endogenous
TRF1, which is a protein that locates at the telomere region. The
dCas9-EGFP was stably coexpressed with the designed sgRNAs
targeting telomere in HeLa cells, and then ssOAs were added.
The observed green CRISPR puncta colocalized with red TRF1
puncta in the cell nucleus (Fig. 1D), indicating successful

telomere imaging by CRISPR. Collectively, these results indi-
cated that the sgRNAs with supplementation of the adaptors
did not influence the formation and genomic targeting of the
dCas9/sgRNA complex.

Then, we studied whether SPAAC reaction could induce
dCas9/sgRNA complex oligomerization. As expected, 50-azide–
modified ssCOAs can readily link with the 30-DBCO–modified
ssCOAs via SPAAC reaction in vitro (Fig. 1E). Furthermore,
we stably coexpressed dCas9-EGFP with the negative sgRNAs
in BPCL 1.2–engineered HeLa cells and then added ssCOAs
whose two terminal ends were modified with azide or DBCO
(SI Appendix, Fig. S5A). We found that addition of these
ssCOAs produced increased green CRISPR puncta numbers as
well as decreased background, and this effect could be reversed
in response to light illumination (SI Appendix, Fig. S5 B and C).
It is worth noting that the efficiency of ssCOAs in vivo anneal-
ing and bioorthogonal ligation exceeded 80% (SI Appendix, Fig.
S5D). These results demonstrated that the ssCOAs-mediated
SPAAC reaction could induce the dCas9-EGFP/sgRNA complex
oligomerization and ultraviolet light could dissociate the complex
oligomerization.

Implementing the Manipulation of a Single Chromatin Loop.
It has been reported that the formation of chromatin loops that
juxtapose the enhancer and promoter regions is a critical epige-
netic barrier to activate endogenous pluripotent genes (27) such as
POU5F1 (also called OCT4), NANOG, and SOX2, etc. We next
chose to first test the utility of BPCL on the human POU5F1
locus. The contact of POU5F1 promoter and 30 enhancer is
necessary for driving transcription of POU5F1 in embryonic
stem cells (27), and thus we targeted the BPCL anchor to the
POU5F1 promoter and 30 enhancer in HEK293T cells where
there is no endogenous interaction (Fig. 2A). The HEK293T
cells were stably expressed in BPCL systems after puromycin
selection, and then we added the dual-ssOAs (as a control) or
photocleavable dual-ssCOAs (azide-PC linker-modified ssCOAs
and DBCO-modified ssCOAs) to reversibly induce chromatin
loops formation (Fig. 2B).

We first confirmed the correct localization of each BPCL sys-
tem (SI Appendix, Fig. S6 A–C). In addition, by performing
chromosome conformation capture (3C) methodology to inves-
tigate the chromatin structure surrounding the POU5F1 gene,
we detected high-frequency interactions between POU5F1 pro-
moter and 30 enhancer (A1–A6) in dual-ssCOAs groups but
not in any control groups and the dual-ssCOAs groups with
light illumination (Fig. 2 C–E and SI Appendix, Fig. S7 A–C).
BPCL 1.2 mediated the largest increase in the frequency of the
A1–A6 interaction, and the median frequency of the A1–A6
interaction increased ∼1.3-fold and ∼1.5-fold in BPCL 1.2
groups versus BPCL 1.1 groups and BPCL 1.3 groups, respec-
tively (Fig. 2F). It is worth noting that we observed that BPCL
could induce comparable cross-link frequency compared with
CLOuD9, which is an existing chromatin loop operating sys-
tem based on small ligand-inducible CRISPR (SI Appendix,
Fig. S8). Finally, we found that a sufficient length of sequence
flanking the ATS was essential for effective manipulation of
chromatin loop with BPCL (SI Appendix, Fig. S9 A and B).

To investigate the detailed dynamic characterizations of
BPCL systems, we monitored A1–A6 contacts over 6 d in
BPCL 1.2–engineered HEK293T cells. We found that cells
upon continuous dual-ssCOAs treatment maintained high-
frequency A1–A6 interactions over 6 d (Fig. 2G). Removal of
the dual-ssCOAs or illumination by light could lead to a
decrease in A1–A6 contact frequency, even down to the baseline
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in 3 d or 1 d, respectively (Fig. 2H); this indicated the reversibility
of chromatin loop formation by BPCL. In addition, readdition of
dual-ssCOAs in these cells could induce the A1–A6 contacts as
strongly and rapidly as the original treatment (Fig. 2H). It is note-
worthy that BPCL could significantly induce the A1–A6 contacts
just after 6 h of addition of dual-ssCOAs (SI Appendix, Fig. S10 A
and B). We also investigated the impacts of long-term induced
chromatin loop by using BPCL (SI Appendix, Fig. S11A). After
10 d of addition of dual-ssCOAs, we still detected high-frequency
A1–A6 interactions in dual-ssCOAs groups, but it could not be
completely reversed in response to light illumination (SI
Appendix, Fig. S11B). It has been demonstrated that the cohesin-
complex gene SMC1 is essential for maintenance of chromatin

loop (27), and thus we hypothesized that long-term induced chro-
matin loop may recruit the SMC1 to maintain the contact.
Indeed, addition of dual-ssCOAs caused a significant increase in
the strength of SMC1 binding at the POU5F1 30 enhancer and
promoter, and light illumination showed no noticeable effects on
their interactions (SI Appendix, Fig. S11C). Collectively, our
results indicated that BPCL could flexibly manipulate the chroma-
tin on different time scales.

Given that the contact of 30 enhancer and the promoter is
critical for POU5F1 endogenous transcriptional activation, we
next investigated the effects of the BPCL-engineered promoter
and enhancer interactions on POU5F1 expression. As expected,
the RNA levels of POU5F1 were significantly increased in
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Fig. 1. Design and implementation of the BPCL system. (A) Schematic diagrams of the BPCL system. (B) Design of three lentiviral vectors for expressing
dCas9 and three kinds of engineered sgRNAs. Each vector contains a puromycin selectable marker to enable the selection of cells expressing these vectors.
(C) Chromatin immunoprecipitation and quantitative real-time PCR (ChIP-qRT-PCR) assays of BPCL constructs demonstrates correct localization to their
intended genomic loci. Data are shown as mean ± SEM of three independent experiments, two-tailed Student’s t test. n.s., not significant. ***P < 0.001.
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BPCL-engineered HEK293T cells after the addition of dual-
ssCOAs, with baseline levels being restored in response to light
illumination (Fig. 2I). Consistent with 3C results, BPCL could
induce comparable increase of POU5F1 RNA levels compared
with CLOuD9 (SI Appendix, Fig. S12). It is worth noting that
despite that A1–A6 interactions in BPCL 1.2–engineered cells
upon continuous dual-ssCOAs treatment over 6 d were not fur-
ther increased, the RNA levels of POU5F1 were gradually
increased in a time-dependent manner (SI Appendix, Fig. S13),
suggesting that long-term continuous induction of high-
frequency interaction can further increase the expression of
POU5F1. In support of these observations, addition of dual-
ssCOAs specifically increased the histone 3 lysine 27 acetylation
(H3K27ac) levels, which is associated with active transcription, at
the promoter and enhancer region of POU5F1 (Fig. 2J and SI
Appendix, Fig. S14 A and B). For long-term induced chromatin
loop, the same results were found in the studies of the POU5F1
RNA levels and the H3K27ac in POU5F1 30 enhancer and pro-
moter regions (SI Appendix, Fig. S15 A and B). However, the
BPCL-mediated interactions between POU5F1 promoter and the
nonenhancer region could not change the RNA and H3K27ac
levels (SI Appendix, Fig. S16 A–C). Taken together, BPCL could
activate POU5F1 transcription by inducing the contact of
POU5F1 enhancer and promoter.

Orthogonal Manipulation of Different Chromatin Loops via
the BPCL System. To increase the flexibility and scope of the
BPCL system, we added a second, independent bioorthogonal
chemical reaction to allow simultaneous and orthogonal manipula-
tion of different chromatin loops. It has been reported that SPAAC
and SPIEDAC are two compatible bioorthogonal reactions with-
out cross-talk between them (28). Thus, we chose the SPIEDAC
reaction and verified whether SPIEDAC reactive groups (methylte-
trazine or TCO) modified ssCOAs could manipulate the chroma-
tin loop (SI Appendix, Figs. S1, S17, and S18A). As expected,
addition of SPIEDAC-ssCOAs significantly increased the fre-
quency of the A1–A6 interaction in BPCL 1.2–engineered cells (SI
Appendix, Fig. S18B). It is noteworthy that SPIEDAC-ssCOAs
could also quickly enable the formation of chromatin loop on
demand (SI Appendix, Fig. S18C). Consistent with our observa-
tions by using SPAAC reaction, addition of SPIEDAC-ssCOAs
could activate POU5F1 transcription (SI Appendix, Fig. S18D).

Next, we used these two compatible bioorthogonal reactions
to demonstrate simultaneous and independent regulation of two
chromatin loops by the BPCL system. We engineered the BPCL
2.1 system including dCas9 and four sgRNAs, respectively, inte-
grated with ATS1–4, and azide-, DBCO-, methyltetrazine-, or
TCO-modified ssCOAs that target respectively ATS1 through
ATS4 (Fig. 3 A and B and SI Appendix, Fig. S19). As expected,
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Fig. 3. Orthogonal chromatin loops regulation via BPCL. (A) The schematic diagram of orthogonal regulation of POU5F1 and/or SOX2 promoter–enhancer
contacts by the BPCL system. (B) Design of two lentiviral vectors for expressing dCas9 and four engineered sgRNAs. Each vector contains a distinct selection
marker to enable coselection of cells expressing both vectors. (C) The 3C assays measuring POU5F1 (Left) and SOX2 (Right) locus-wide cross-linking frequen-
cies in BPCL 2.1–engineered HEK293T cells without or with ssOAs, SPAAC-ssCOAs, SPIEDAC-ssCOAs, quadruple-ssCOAs and light illumination, quadruple-
ssCOAs, SPAAC-ssCOAs, and SPIEDAC-ssCOAs. (D) The cross-linking frequencies of POU5F1 and SOX2 promoter–30enhancer (A1–A6 and B1–B3) in BPCL
2.1–engineered HEK293T cells. (E) The relative expression of POU5F1 and SOX2 in BPCL 2.1–engineered HEK293T cells, detected by qRT-PCR. Data are shown
as mean ± SEM of three independent experiments, two-tailed Student’s t test. n.s., not significant. **P < 0.01, ***P < 0.001.
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SPAAC- and SPIEDAC-ssCOAs could independently or simul-
taneously trigger POU5F1 promoter-30 enhancer (A1–A6) and
SOX2 promoter-30 enhancer (B1–B3) contacts in BPCL 2.1–
engineered HEK293T cells (Fig. 3 C and D), which in turn acti-
vated the transcription of POU5F1 and SOX2 (Fig. 3E). Flow
cytometry analysis showed that under induction by both
SPAAC- and SPIEDAC-ssCOAs, individual cells simultaneously
expressed higher levels of POU5F1 and SOX2 (SI Appendix, Fig.
S20), suggesting that BPCL 2.1 system can act in one cell in an
orthogonal fashion. By using the BPCL 2.1 system, we also
could up-regulate the RNA levels of SOX2 and NANOG by inde-
pendently or simultaneously inducing the promoter–enhancer
contact of SOX2 and NANOG (SI Appendix, Fig. S21). Thus,
these results suggested that the upgraded BPCL could flexibly
manipulate the different chromatin loops without cross-talk in the
same cell.

Establishing Hubs of Multiway Chromatin Contacts via a
Multiinput BPCL System. For exploring the BPCL system to
manipulate the spatial connection of three genomic loci (Fig.
4A), another sgRNA (SL2-TL-sgRNA) with ATS1 and ATS3,
respectively, appended into the sgRNA stem loop 2 and tetra-
loop was designed (SI Appendix, Table S1). We generated the
vector including the dCas9, SL2-TL-sgRNA, TL-sgRNA-
ATS2, and TL-sgRNA-ATS4 and named the resulting vectors
BPCL 3.1 (Fig. 4B and SI Appendix, Fig. S22). As the 50 distal
enhancer is juxtaposed to the POU5F1 promoter/30 enhancer
complex during endogenous gene activation (9), we assessed
whether addition of quadruple-ssCOAs (four kinds of ssCOAs
respectively modified by azide, DBCO, methyltetrazine, and
TCO) can regulate the interactions among POU5F1 promoter,
30 enhancer and 50 distal enhancer regions. As expected, we
detected high-frequency promoter-30 enhancer (A1–A6) and

promoter-50 distal enhancer (A0–A1) interactions in quadruple-
ssCOAs groups but not in the control groups and the
quadruple-ssCOAs groups with light illumination (Fig. 4C). It
is noteworthy that we could arbitrarily regulate the pairwise
interactions of three genomic loci by adding the different input
for combination of ssCOAs (Fig. 4D). We observed that BPCL
3.1–engineered cells just added with SPAAC-ssCOAs showed
an increase in the frequency of A1–A6 contact, and the cells
added with SPIEDAC-ssCOAs exhibited an increase in A0–A1
interaction frequency. Addition of both SPAAC- and
SPIEDAC-ssCOAs could induce the interactions between the
three regions (Fig. 4E). Furthermore, we found that the RNA
levels of POU5F1 could be increased by adding SPAAC- and
SPIEDAC-ssCOAs independently or simultaneously, and addi-
tion of both SPAAC- and SPIEDAC-ssCOAs mediated the
largest increase in RNA levels of POU5F1 (SI Appendix, Fig.
S23). Consistently, BPCL 3.1 could further activate the tran-
scription of POU5F1 compared with BPCL 1.2 (SI Appendix,
Fig. S24). Collectively, our designed BPCL system can operate
multiple input signals to manipulate complex dynamic chroma-
tin folding events.

Discussion

Inspired by the advantages of bioorthogonal chemistry, we have
designed a dCas9-based chromatin topology operating system
for manipulation of chromatin loops by integration of bioor-
thogonal clicking reactions. Via engineering the sgRNA to incor-
porate the adaptor target sequences, each pair of dCas9/sgRNA
complexes is designed with matched discrete bioorthogonal reac-
tion groups modified adaptors. This will allow us to 1) simulta-
neously engineer different chromatin loops without cross-talk in
the same cell and 2) flexibly establish the hubs of multiway chro-
matin contacts. The BPCL system used bioorthogonal clicking
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reactions instead of small ligand- or light-inducible heterodimeri-
zation structural domains to spatially connect the different geno-
mic loci, which may mitigate to the maximum potential effects
on nuclear environments. Moreover, due to the better operability
and flexibility of BPCL on genome folding, future work with
BPCL could further facilitate ongoing efforts to engineer struc-
tural loops and enhancer–promoter loops, gaining a deep under-
standing of how chromatin looping provides spatiotemporal
precision in transcriptional regulation.
Pluripotency genes connect to their target enhancers through

long-range interactions, which is essential for their transcriptional
activation (29–31). Due to the absence of these long-range inter-
actions in somatic cells, generation of induced pluripotent stem
cells by defined factors (OCT4, SOX2, KLF4, and c-MYC) is
an extremely inefficient process (27). In this study, we used the
BPCL system to independently reprogram specific contacts
between these genes such as POU5F1, SOX2, and NANOG and
target enhancers in the cells where there is no endogenous inter-
action, leading to the transcription activation of these pluripo-
tency genes. Meanwhile, we confirmed that the simultaneous
multivalent contacts of POU5F1 promoter, 30 enhancer, and dis-
tal 50 enhancer can further drive the transcription of POU5F1,
supporting the critical roles of chromatin folding in the control
of pluripotency and cellular differentiation.
We envision that the BPCL system can be expanded into a

“plug-and-play” toolbox to increase the numbers of chromatin
loops simultaneously manipulated in the future by introducing

more compatible bioorthogonal reactions, increasing the bioor-
thogonal groups numbers of single dCas9/sgRNA complexes,
and designing adaptor structure or adjusting sgRNA numbers.
These may enable design of complex chromatin contacts to
build disease models for understanding a cause-and-effect rela-
tionship between chromatin misfolding and occurrence of
genetic disease. Our work provides insights into CRISPR-
guided bioorthogonal chemistry for correcting abnormal chro-
matin folding or reprogramming the genome architecture in
disease.

Materials and Methods

The ChIP and immunofluorescence assays were used to confirm the correct local-
ization of each BPCL systems. Chromosome conformation capture (3C) methodol-
ogy was used to investigate the chromatin structure surrounding the POU5F1,
SOX2, and NANOG loci. Flow cytometry and quantitative real-time PCR assays
were used to detect the gene expression. Detailed material and methods
descriptions can be found in SI Appendix, SI Materials and Methods.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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