
http://orcid.org/0000-0001-9764-8281
http://orcid.org/0000-0001-9764-8281
http://orcid.org/0000-0001-9764-8281
http://orcid.org/0000-0001-9764-8281
http://orcid.org/0000-0001-9764-8281
http://orcid.org/0000-0002-6833-5929
http://orcid.org/0000-0002-6833-5929
http://orcid.org/0000-0002-6833-5929
http://orcid.org/0000-0002-6833-5929
http://orcid.org/0000-0002-6833-5929
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57478-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57478-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57478-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57478-2&domain=pdf
mailto:jiangzhu@apm.ac.cn
mailto:yang_yh@apm.ac.cn
www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


We also mapped the region of INSM1 interacting with FOXA2 and
NEUROD1 using BiFC experiments. Similar to the case of CTCF, INSM1
binds to FOXA2 and NEUROD1 through a disordered region containing
residues 221-256 (Supplementary Fig. 15). This is consistent with a
previous study which indicated that SNAG domain is not involved in
the interaction of INSM1 with FOXA2 and NEUROD119. Finally, to sum
up the previous study and this study, we conclude that INSM1 itself
may be not a TF in the usual sense that can bind to sequence-specific

DNA. It collaborates with other transcription regulators such as TEAD1,
CTCF, NEUROD1 and FOXA2 to bind to sequence-specific DNA and
regulate downstream gene expression (Fig. 7G).

Discussion
INSM1 is a ZF-containing protein playing a crucial role in the devel-
opment of neuroendocrine and nervous system in mammals and is
associated with many human neuroendocrine cancers7,31. For more
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Fig. 7 | Cooperative repression of gene expression by INSM1 and CTCF.
A Consensus motifs in DNA bound by CTCF and INSM1 as determined by ChIP-seq
(Reprinted from Cell, 147, Rhee, H.S. & Pugh, B.F., Comprehensive genome-wide
protein-DNA interactions detected at single-nucleotide resolution, 1408–1419,
Copyright (2011), with permission from Elsevier; Jia, S. et al. Insm1 cooperates with
Neurod1 and Foxa2 to maintain mature pancreatic beta-cell function. EMBO J, 2015,
34, 1417-1433). The similar nucleotides between the two motifs are connected by
cyan lines. B Western blot images for the Co-IP experiments between INSM1 and
CTCF in HeLa and H69 cells. IP was carried out using anti-INSM1 antibody. The
experiment was repeated independently for three times with similar results. C BiFC
between cYFP-fused CTCF variants and INSM1 fused with nYFP in HeLa cell. D BiFC
between cYFP-fused CTCF and INSM1 variants fused with nYFP in HeLa cell. Bar, 20
μm. The experiment was repeated independently for three times with similar
results. E ChIP-qPCR analysis of INSM1 and CTCF binding to the CTCF-targeted

genome loci in HeLa cells co-transfected with INSM1 and CTCF. Genomic regions
from KLK8 and ASH1 genes without CTCF-binding site were used as negative
controls (NC). Data are presented as mean values ± SD of three independent
experiments (n = 3). Two-sided Student’s t-test was used to show the statistical
difference. *P < 0.05, **P < 0.01, ***P < 0.001. The exact P-values were provided in
Source Data. Source data are provided as a Source Data file. F Relative expression
of CTCF-targeted genes in HeLa cells transfected with INSM1. The expression level
of the indicated gene in HeLa cells transfected with empty vector is set to 1. Data
are presented as mean values ± SD of three independent experiments (n = 3). Two-
sided Student’s t-test was used to show the statistic difference. **P < 0.01,
***P < 0.001. The P-values were provided in Source Data. Source data are provided
as a Source Data file. G A functional mode of INSM1 by cooperating with CTCF,
FOXA2, NEUROD1, and TEAD1 to indirectly bind to different DNA elements in
genome loci for regulating gene transcription.
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than two decades, it was thought that INSM1 is a transcription
repressor that binds to specific DNA elements through its ZFs41. At the
same time, many proteins that interact with INSM1 have been identi-
fied, among which FOXA2, NEUROD1, and TEAD1 are TFs that bind to
specific DNA elements, and a cooperation of INSM1 with FOXA2 and
NEUROD1 in transcription regulation was demonstrated42,44. Here, we
comprehensively studied the solution structure of INSM1 ZFs, and
investigated their binding with DNA and TEAD1. Based on these results
and the discovery of CTCF as a new interacting partner of INSM1, a
functional mode of INSM1 by cooperating with diverse DNA-binding
TFs to indirectly bind to gene promoters for transcription regulation is
proposed, which is distinct from canonical C2H2-ZF proteins.

Previous studies have shown that tandem ZFs that can bind to
specific DNA sequences have the following characteristics6. The resi-
dues at positions −1, +2, +3, and +6 of the α-helix tend to be polar or
positively charged. Residues with negative charge can also exist, but
rarely. The linker between the ZFs generally contains 4 to 6 residues,
which confers a certain degree of freedom but also conformation
constraints. The tandem ZFs can synergistically bind to the large
grooves of DNA to recognize continuous 3 + 3 bases of DNA motifs. By
analyzing the structure of INSM1 ZFs, it can be found that only ZF3 has
the most characteristics of typical DNA-binding ZF. ZF2 also meets
some of the requirements. But it lacks the positively charged residues
in the α-helix. Therefore, the CSP of ZF2 from the ZF1-ZF2 truncation
was weak in the NMR titration with DNA, but was significantly
enhanced in the ZF1-ZF5 truncation, which may be with the help of ZF3.
However, the long linker connecting ZF2 and ZF3 lead to a highly
flexible interdomain conformation, thereby eliminating the con-
formation constraints between ZF2 and ZF3 that are required for the
collaborative recognition of sequence-specific DNA by tandem C2H2
ZFs. The surface of ZF1 is negatively charged, which basically prevents
its binding to DNA. ZF4 and ZF5 are also positively charged, but the
positive charges are not sufficiently located on the α-helix, and the
residues at the +2 and +3 positions of α-helix are either glycine without
side chains or alanine and proline with hydrophobic side chains in ZF4
and ZF5. These sites make it likely that ZF4 and ZF5 have very weak
ability to recognize double-stranded DNA. These structure features
provide reasonable explains for the low DNA affinity and incapable
recognition of the M2 element of INSM1 ZF1-ZF5. In contrast, CTCF
ZF3-ZF7 perfectly matched the characteristics of ZFs binding to DNA,
and its binding affinity to the M2 element is far higher than that of
INSM1 ZF1-ZF5.

INSM1 ZF1 adopts an unusual CCHC-type Zn coordination with
short interval between the His and the last Cys residues, which
prompts the forming of a shorter helix than typical C2H2 ZF. INSM1 ZF1
binds to TEAD1-TEAD with its β1-strand and α-helix through hydro-
phobic interactions, representing a previously undiscovered binding
mode of C2H2 ZF to other bio-macromolecules. Both INSM1 ZF1 and
TEAD1-TEAD are common in animals, and their sequences are con-
served in the evolution of species (Supplementary Fig. 16). Although
INSM1 ZF1 is not as conserved as TEAD1-TEAD, the residues at the
binding interface for TEAD1-TEAD are basically unchanged during
evolution, indicating that their orthologs in these animals also interact
with each other. The interaction of INSM1 with TEAD1 can be described
as a very ancient transcriptional regulatory complex. This study pro-
vides a primary insight into the mechanisms of action of this partner in
transcriptional regulation. A recent study has shown that TEAD1 reg-
ulates pancreatic β cell development in a way that is independent of its
YAP-binding domain, called pocket-independent transcriptional
inhibition51. We suppose that the partner of TEAD1 in this pocket-
independent inhibition is likely INSM1, as INSM1 has a similar reg-
ulatory effect on the development of pancreatic β cells.

Searching of C2H2 ZF in INSM1 orthologs from different animals
found that the number of ZFs varied a lot during evolution (Supple-
mentary Fig. 17). ZF1 and ZF2 are the most conserved ZFs in INSM1,

while ZF3 is missing in several lower animals, such as Caenorhabditis
elegans and Helobdella robusta. ZF4 and ZF5 appear to emerge later in
evolution than ZF3. Interestingly, INSM1 orthologs from some lower
animals in sea have a sixth ZF (ZF6, named after the ZFs of INSM1 in
human) with sequence significant different from the ZFs in human
INSM1. The linker connecting ZF2 and ZF3 also showed great changes
in length, but the shortest one, which is in the INSM1 ortholog from
Tigriopus californicus is still 27-residue long, far beyond the favorite
length of 4–6 residues for canonical DNA-binding C2H2 ZFs. While the
function of ZF1 in the cooperative transcription repression with TEAD1
is well elucidated, the meanings of the DNA binding of ZF2 and ZF3
remain unclear. We suspect that ZF2 and ZF3 may help INSM1 get close
to and move along chromatin DNA to search for its interacting TFs
such as TEAD1, NEUROD1 and FOXA2. It is also possible that ZF2 and
ZF3 of INSM1 are involved in the shaping of chromatin 3D structure by
CTCF. The specific functions of ZF4 and ZF5, and the uncommon ZF6,
are not yet known and need to be explored in future studies.

A recent study reported that mouse Insm1 regulates gene
expression in medullary thymic epithelial cells by binding to chroma-
tin, and the majority of the Insm1 binding sites are co-occupied by
Aire21, although the interaction between Insm1 and Aire was not evi-
denced. This is in line with the functional mode of INSM1 claimed by us
that INSM1 collaborates with other TFs to bind to sequence-specific
DNA and regulate downstream gene expression. Different from TEAD1,
INSM1 interacts with CTCF, NEUROD1, and FOXA2 through its
N-terminal part with disordered structure. The region in CTCF for
interacting with INSM1 was also predicted to be disordered. Study on
the interaction mechanism between two regions with disordered
structure is a big challenge. Whether these proteins fold into new
structures when they interact with each other is not yet known. It is
also possible that INSM1 interacts with CTCF indirectly by binding to a
common third protein. It was shown that the SNAG motif in the
N-terminal part of INSM1 can interact with histone methylase16, and a
proline-rich region can interact with cyclin50. In addition, Cbl-
associated protein (CAP) was shown to interact with the proline-rich
region of INSM161. Subsequent studies are required for further
exploring the interaction mechanism between these proteins and the
N-terminal part of INSM1.

In the development process of mammals, INSM1 mainly plays a
role in promoting the differentiation of nerve cells and neuroendo-
crine cells. The expression of INSM1 itself is highly spatio-temporal
specific during development, and so its targeted genes. In adults,
ectopic expression of INSM1 is related to diseases. The expression of
INSM1 causes cancer cells to transform to gain neuroendocrine prop-
erties, which is conducive to the survival of cancer cells and attenuates
the treatment of cancer. Therefore, it is necessary to target INSM1
protein for therapeutic intervention at specific cancer stages. At the
same time, probes targeting INSM1 can also be used to detect whether
cancer cells are undergoing neuroendocrine transformation. The
interface of INSM1 ZF1 with TEAD1-TEAD may be a workable site for
drug designing. Recently, TEAD1 and its homologs become hot targets
for drug designing. Nevertheless, the current targeted site is focused
on the pocket in YBD for binding to YAP and VGLL462–64. In light of our
study, some attentions of drug designing should be paid on the
interface between INSM1 ZF1 with TEAD1-TEAD for some neuroendo-
crine cancers like small cell lung cancer. Our structural data provide
reference information for the design of drugs and probes.

The role of INSM in cell proliferation seems to be complicated and
dependent on the cell type and context. A previous study revealed that
overexpression of INSM1 caused cell cycle arrest and inhibited Panc-1
cell proliferation through affecting Cyclin D1 and CDK450. INSM1
ectopic expression inhibited H1975 cell proliferation, while H69 and
H889 cell with knockdown of INSM1 showed reduced cell number65.
INSM1 silencing decreased viability of H510A, H1417, and H526 cell,
which may be related to its interaction with LSD134. In this study,
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overexpression INSM1 in HeLa and H69 cell inhibit proliferation partly
through the interaction with TEAD1, while H69 cells with knockdown
of INSM1 also showed reduced cell proliferation. A similar nonlinear
relationship between expression level and phenotype was also
observed for many genes, such as SRPK166, MiR-12567, and Psn68. As
INSM1 interacts with many proteins, it possibly regulates cell pro-
liferation through multiple pathways. The effect of change of INSM1
expression on cell proliferation may be related to the dominant
pathway in specific cell type and the concentration of INSM1 in cell,
which should be cautiously considered during drug test.

In summary, we analyzed the structure of the five ZFs of human
INSM1. It is proved that ZF1 is an atypical ZF with CCHC type of Zn
coordination, while ZF2/3/4/5 are typical C2H2 ZFs. The five ZFs adopt
collapsed conformations with highly dynamic change of interdomain
distance. ZF2 and ZF3 can interact with double-stranded DNA, but the
affinity is at the micromolar level and do not have specificity to pre-
vious identified DNA elements. ZF1 can interact with the TEAD1-TEAD
in a previously undiscovered mode and then bind to the MCAT DNA
element indirectly to form a ternary complex. Mediated by ZF1, INSM1
can cooperate with TEAD1 to bind to the promoters of many genes,
regulate their transcriptions, and then inhibit cell proliferation. On the
other hand, INSM1 can use a region adjacent to the N-terminal of ZF1 to
interact with CTCF, and work together with CTCF to bind to genome
loci having GGGG-contained elements and inhibit the expression of
genes nearby. Overall, INSM1 is possibly not a typical C2H2-ZF protein
that can bind to sequentially specific DNA. It is more like a general
transcriptional co-repressor, which can interact with at least four DNA-
binding proteins, CTCF, TEAD1, NEUROD1, and FOXA2, and synergis-
tically regulate the expression of downstream genes with them. This
study significantly updates the understanding of the functional
mechanism of INSM1, and will help in the design of drugs targeting
INSM1 and TEAD1.

Methods
Production of recombinant proteins
The DNA fragments encoding ZF1 (residue 257-292), ZF1-ZF2 (residue
257-320), ZF3 (residue 346-396) and ZF1-ZF5 (residue 257-497) of INSM1
were cloned into a modified pET32 vector (pET32m) which allows the
expression with an N-terminal 6×His-tag (MHHHHHHSSGLVPRGS). The
DNA fragment encoding TEAD (residue 28-104) of TEAD1 was cloned
into the pET32m to be expressed with C-terminal 6×His-tag
(LVPRGSLEHHHHHH). The DNA fragment encoding ZF3-ZF7 of CTCF
(residue 317-467) was cloned into the pGEX4T vector to be expressed
with an N-terminal GST-tag. The above plasmids were transformed into
Escherichia coli strain BL21 (DE3) for protein expression, respectively.

The expression and purification of the truncated proteins of
INSM1 including ZF1, ZF1-ZF2, ZF3, and ZF1-ZF5, were carried out fol-
lowing the same method as that for ZF4-ZF5 described previously36.
The expression and purification of TEAD1-TEAD and its mutants basi-
cally followed the method for the truncated proteins of INSM1, except
that ZnCl2 was not added to the LB or M9 medium. The 6×His-tag was
removed through incubation with thrombin (Biosharp) at 25 °C for 4 h.
For GST-fused CTCF ZF3-ZF7 protein, the E.coli cells were cultured in
LB medium at 37°C until the OD600 reached 0.6–0.8. Then, 0.3 mM
IPTG was added to induce protein expression at 25°C for 10 h. The
culture was harvested by centrifugation and lysed using the high-
pressure homogenizer (ATS Engineering). The clarified supernatant
was first purified by the ÄKTAxpressTM chromatography system (GE
Healthcare) with a GSTrapTM FF column (5 mL), and then purified using
the NGCTM chromatography system (Bio-rad) equipped with the
HiLoad 26/60 SuperdexTM 75 pg column.

NMR chemical shift assignment and structure calculation
The 15N,13C-labeled INSM1 ZF1-ZF2, ZF3, and ZF1-ZF5 were con-
centrated to 0.6 mM in a buffer solution containing 10% D2O(v/v),

20 mM MES, 100 mM NaCl, 10 mM DTT, 5 mM CaCl2, and 0.02% NaN3

at pH 6.5 for NMR data collection. A Bruker Avance III 600 MHz
spectrometer and a Bruker Avance III 850 MHz spectrometer with a
5-mm HCN cryogenic probe were used to record the NMR data at
298 K. Backbone and side chain resonance assignments and structure
calculation of INSM1 ZF1-ZF2 and ZF3 were carried out following the
method described previously36. The backbone and side chain reso-
nances were 95.7% and 66.1% assigned for INSM1 ZF1-ZF2, and 95.4 %
and 61.2% assigned for INSM1 ZF3. The 1H, 13C and 15N assignments for
INSM1 ZF1-ZF2 and ZF3 have been deposited to the BioMagResBank
(BMRB accession number 36573 and 36586). The final NMR ensembles
of 20 structures of ZF1-ZF2 and ZF3 were deposited in the Protein Data
Bank (PDB, ID: 8JPY and 8K81). Structural statistics and global structure
quality factors are shown in Supplementary Tables 1 and 2). The
backbone chemical shifts of INSM1 ZF1-ZF5 were assigned according to
the assignments of ZF1-ZF2, ZF3, and ZF4-ZF5, and from the NMR data
including HNCA and HN(CO)CA. Finally, 67% non-proline backbone
chemical shifts were assigned. The backbone chemical shifts of INSM1
ZF1 were assigned according the assignments of ZF1-ZF2. The back-
bone chemical shifts of TEAD1-TEAD were assigned from the NMR data
including HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and
CBCA(CO)NH, and 90.7% non-proline backbone chemical shifts were
assigned.

Small angle X-ray scattering (SAXS) data collection and analysis
SAXS data were collected in Shanghai Synchrotron Radiation Facility,
at the BL19U2 BioSAXS beamline with a wavelength of 1.033 Å and a
sample-to-detector distance of 2.6 m. The range of momentum trans-
fer covered was 0.007 <q < 0.445 Å-1 (q = 4π sinθ/λ, where 2θ is the
scattering angle, λ is the wavelength). The data for INSM1 ZF1-ZF2, ZF3,
and ZF1-ZF5 were collected at two different concentrations (2 mg/mL
and 4 mg/mL) and analyzed using program PRIMUS from the ASTAS
package69. No concentration-dependent effect was found after com-
paring the two I(q) curves of different concentrations. Data collected
at high concentration (4 mg/mL) were used for further analysis. The
data for ZF1-TEAD and ZF1-TEAD-MCAT complex were collected at a
concentration of 300 μM and molar ratios of 1:1 and 1:1:1, respectively.
The theoretical I(q) scattering curves for the NMR structures of INSM1
ZF1-ZF2 and ZF3 were calculated using CRYSOL70. The particle distance
distribution function P(r) and the maximum dimension (Dmax) of the
scattering particle were obtained for each sample using GNOM71.
Ensemble optimization method (EOM)72 was used to generate an
ensemble of various conformations for evaluating the interdomain
flexibility of INSM1 ZF1-ZF5. The interdomain linkers (residues 289-293,
319-365, and 391-439 of INSM1) and N-terminal residues (257-265 of
INSM1) were allowed to be flexible, while ZF1, ZF2, ZF3, and ZF4-ZF5
were treated as rigid bodies during EOM analysis. Sample details, data
collection parameters, data analysis software, and structural para-
meters derived from SAXS data are summarized in Supplementary
Table 3.

NMR titration
Single-stranded DNA (ssDNA) containing M2 element (5’-TACCAC-
CAGGGGGCAGT-3’) and its reverse-complement DNA were synthe-
sized by Sangon Biotech Co., and were dissolved with Milli-Q water and
mixed at equimolar concentration. The M2 double-stranded DNA
(dsDNA) was obtained through annealing the two ssDNA in a buffer
solution containing 10 mM Tris, 50 mM NaCl, 1 mM EDTA, at pH 7.5.
Annealing was conducted by heating the mixed DNA to 95 °C in a water
bath for 5 min and then slowly cooling it down to room temperature.
After desalting, the DNA was lyophilized and re-suspended with the
same buffer as that for INSM1 ZFs to a final concentration of 4 mM.
NMR titration experiments were performed at 298 K using on a Bruker
Avance III 600 MHz instrument. The M2 dsDNA was added to the
sample solution containing 0.2 mM 15N-labeled ZF1-ZF2, ZF3, ZF4-ZF5,
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and ZF1-ZF5, respectively, to the indicated molar ratios. The mixed
samples were allowed to equilibrate for over 1 h, and subsequently
used for 1H-15N HSQC spectrum collection.

For NMR titration between INSM1 ZF1 and TEAD1-TEAD, unlabeled
TEAD1-TEAD or INSM1 ZF1 was added to the sample solution con-
taining 0.2 mM 15N-labeled INSM1 ZF1 or TEAD1-TEAD, respectively, to
the indicated molar ratios. The mixed samples were allowed to equi-
librate for over 1 h before 1H-15N HSQC spectrum collection. The
equation used for calculating chemical shift perturbations (CSPs) was
the same as described in the previous study73.

Hydrogen–deuterium exchange mass spectrometry (HDX-MS)
INSM1 ZF1-ZF5 samples at a concentration of 100 μM and molar
ratios of 1:0 (apo) and 1:2 (holo) with M2 dsDNA were prepared
and allowed to equilibrate for 1 h. Peptide-level HDX-MS was
performed as follows. Both apo- and holo- INSM1 ZF1-ZF5 samples
were diluted with equilibrium buffer (100 mM sodium phosphate,
pH 7.0) to a concentration of 20 μM. Briefly, at the start of an
HDX reaction, at time zero (t = 0), protein solution at 20 μM was
constituted with labeling buffer (100 mM sodium phosphate,
D2O, pD 6.6) at an approximate 20-fold dilution. The labeling
mixtures were incubated at 20 °C, and deuterium exchange was
quenched at the following time points: 1 min, 10 min, 30 min, and
60 min. Deuterium labelling was quenched by making a 1:1 dilu-
tion with chilled quenching buffer (100 mM sodium phosphate,
pH 2.0). Quenched samples were digested, desalted, and sepa-
rated online using an Acquity UPLC M-Class system with HDX-2
automation coupled with Synapt XS HDMS. The online digestion
was performed using an immobilized pepsin column, 2.1 mm ×
30 mm (Enzymate Pepsin Column, Waters Corp., Milford, MA,
USA) for 5 min in 0.1% formic acid, with H2O and ACN at a flow
rate of 40 μL/min. The entire digestion was held at 20 °C within
the column compartment of the HDX manager. The peptides were
collected and desalted online by a trap column (ACQUITY UPLC
BEH C18 VanGuard pre-column, 130 Å, 1.7 µm, 2.1 mm × 5 mm,
Waters), and subsequently separated with an Acquity UPLC BEH
C18, 130 Å, 1.7 μm, 1 mm × 100 mm column (Waters) held at 0 °C.
After 7 min of linear elution, eluent was directed into a Synapt XS
HDMS and lockmass corrected. Mass spectra were acquired in
MSE mode over the mass range of 100 to 2000. Blank injections
were inserted after each sample injection to eliminate the effect
of protein carryover. Peptic peptides were identified utilizing dual
analytical approaches: exact mass determination coupled with
MSE technology through ProteinLynx Global Server 3.0.3 (Waters
Corp., Milford, MA, USA) with self-conducted databank referred
to the amino acid sequence of INSM1 and default search para-
meters as following: primary digest reagent, non-specific; missed
cleavages, 1; false discovery rate, 4. Quantitative deuterium
incorporation analysis was performed at both peptide and resi-
due resolution using Waters DynamX 3.0 software, with isotopic
pattern centroid comparison between deuterated and native
peptide ions. To ensure data reliability, rigorous MSE filtering
criteria were implemented including a minimum sequence length
of 5, a maximum peptide length of 20 residues, minimum pro-
ducts per amino acid of 0.3, and a maximum MH+ error of 20
ppm. A summary of HDX-MS experiment and data is shown in
Supplementary Table 10.

Electrophoretic mobility shift assay (EMSA)
EMSA experiments were carried out using dsDNA probes with FAM
label at the 5′ end of one strand. The sequences of used DNA fragments
are listed in Supplementary Table 11. Single-stranded DNAs were syn-
thesized by Sangon Biotech Co., and then annealed to obtain dsDNAs
as described above. For each sample in the binding assay, a final con-
centration of 0.01 μM dsDNA probe was mixed with the tested protein

at indicated concentration up to 10 μL. The mixed samples were
allowed to equilibrate at 4 °C for 30 min, and then loaded into a 10%
native PAGE gel in 0.5×TBE buffer. After separation by electrophoresis
in ice bath, the gel was subjected to fluorescence detection by Che-
miDoc MP instrument (Bio-rad).

Co-immunoprecipitation (Co-IP)
The DNA fragment encoding INSM1 (residue 1-510) was cloned into the
pCDNA3.1-HA-N vector, while the DNA fragments encoding TEAD1
(residue 1-426) and CTCF (residue 1-727) were cloned into the pECMV-
3×FLAG-N vector. Plasmid transfection of HeLa S3 cell was carried out
using Hieff TransTM Liposomal Transfection Reagent (Yeasen,
40802ES02) following the manuals. Approximate 107 HeLa S3 cells
(48 h after transfection) or NCI-H69 cells (without transfection) were
lysed with RIPA buffer solution (50 mM Tris, pH7.4, 150 mM NaCl, 1%
NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1×protein inhibitor
mixture (Solarbio, P6730), 1 mM PMSF) on ice for 20 min. Subse-
quently, 500 μL supernatant of the cell lysate with protein con-
centration of 1 mg/mL was incubated with anti-INSM1 (A-8) antibody
conjugated to agarose (Santa Cruz, sc-271408 AC) or anti-Flag rabbit
polyclonal antibody (BBI, D110005) bound by protein A/G plus-agarose
(Santa Cruz, sc-2003) at 4 °C with gentle shaking overnight, After
washing with RIPA buffer solution for 10 times, the agarose was
recovered, and the immunocomplex was eluted by adding 4×SDS
loading buffer followed by 5 min of boiling. The eluent was analyzed by
western blot using the antibodies including anti-INSM1 (A-8) (Santa
Cruz, sc-271408), anti-TEAD1 (E-5) (Santa Cruz, Sc-393976), anti-CTCF
(G-8) (Santa Cruz, Sc-271474), and anti-Flag/OctA-Probe (H-5) (Santa
Cruz, Sc-166355). The bands were visualized through chemiluminis-
cence using the BeyoECL Moon kit (Beyotime, P0018FS-2), and imaged
by ChemiDoc MP instrument (Bio-rad). Raw western blot images are
shown in Source Data file.

Bimolecular �uorescence complementation (BiFC)
The DNA fragments coding INSM1 and its variants (Supplementary
Fig. 1A) were inserted into the pCDNA3.1-HA-N vector between BamHI
and EcoRI sites, while the DNA fragment coding nYFP was inserted into
the XhoI site, to express the proteins fused with nYFP at the C-terminal.
The DNA fragments encoding TEAD1 (residue 1–426), CTCF (residue
1–727), NEUROD1 (residue 1–356), FOXA2 (residue 1–463), and their
variants were cloned into the pECMV-3×FLAG-N vector between the
BamHI and EcoRI sites, while the DNA fragment coding cYFP was
inserted into the XhoI site, to express the proteins fused with cYFP at
the C-terminal. Different pairs of plasmids with nYFP and cYFP were co-
transfected into HeLa S3 cell, respectively. 24 h after transfection, cells
were incubated with NucBlueTM Live ReadyProbesTM Reagent (Invitro-
gen, R37605) at 37°C for 10 min for nuclear staining, and then the
fluorescence images were taken with a laser scanning confocal
microscope (Nikon A1 Ti). The correct expression of different INSM1
variants fused with nYFP was checked through western blot analysis
with anti-HA antibody (F7) (Santa Cruz, Sc-7392) (Supplemen-
tary Fig. 1D).

Yeast two-hybrid (Y2H)
Yeast two-hybrid assays were performed using the Matchmaker Yeast
Transformation System (Clontech, Palo Alto, CA, USA). The DNA
fragments coding INSM1 and TEAD1 and their variants were inserted
into pGADT7 and pGBKT7 vectors, respectively. Mutants of specific
residues were obtained through PCR following the QuikChange site-
directed mutagenesis method. Yeast AH109 cells were co-transformed
with different pairs of pGADT7 and pGBKT7 constructs as indicated,
according to the manuals. All yeast transformants were grown on
SD2 (–Trp/–Leu) medium for validating successful transformation and
SD4 (–Trp/–Leu/–His/–Ade) medium for testing the prey–bait
interaction.
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Fluorescence polarization (FP)
The recombinant INSM1 ZF1 protein was labeled with FITC with
the FITC rapid labeling kit (Frdbio, ARL0021K) following the
manuals. Free FITC was removed through ultrafiltration. The
label-free TEAD1-TEAD and FITC-labeled INSM1 ZF1 were kept in
the same buffer solution (100 mM NaH2PO4, 100 mM NaCl, pH
5.85). A series of binding mixtures were constructed for FP
determination, in which the concentration of FITC-labeled INSM1
ZF1 was kept at 3 nM, while TEAD1-TEAD was continuously 2-fold
diluted for 10 times with the maximum final concentration of
2 μM in the mixtures. By recording the excitation at 485 nm and
the emission at 528 nm, the FP value of FITC-labeled INSM1 ZF1
bound by TEAD1-TEAD was measured using a SpectraMax i3x
microplate reader (Molecular Devices). Each binding reaction was
repeated three times, and the polarization value was averaged (in
mP). The averaged polarization value of each titration point was
subtracted with that of the free INSM1 ZF1 to obtain the final
value. The dissociation constants (KD) were calculated using the
final polarization value of each titration point as previously
described74.

Analytical ultracentrifugation (AUC)
Sedimentation velocity experiments were performed at 20 °C on
Proteomelab XL-I analytical ultracentrifuge instrument (Beckman
Coulter, Brea, US). The samples of TEAD1-TEAD and INSM1 ZF1 at free
state were at a concentration of 10 μM in a buffer solution containing
20 mM MES and 100 mM NaCl at pH 6.5. In the samples of ZF1-TEAD
and ZF1-TEAD-MCAT mixture, the concentrations of TEAD1-TEAD and
INSM1 ZF1 are both 10 μM, while the MCAT DNA was at a concentration
of 20 μM. Data were collected every minute at 50,000 rpm and a
wavelength of 280 nm. Sedimentation coefficient distribution, c(s),
was calculated from the sedimentation velocity data using SEDFIT
software.

Chromatin immunoprecipitation (ChIP)
ChIP experiments were carried out using the BeyochipTM enzymatic
ChIP assay kit (Beyotime, P2083S) following the manuals. Approxi-
mately 107 HeLa S3 cells (48 h after transfection) were used for each
ChIP sample. Anti-INSM1 (A-8) (Santa Cruz, sc-271408), anti-TEAD1 (E-
5) (Santa Cruz, Sc-393976), and anti-CTCF (G-8) (Santa Cruz, Sc-
271474) antibodies were used for enriching the corresponding protein-
DNA complex, and mouse IgG (BBI, D110503) was used as a negative
control. The isolated chromatin sample before immunoprecipitation
was used as the input control. The enrichment of DNA fragments was
identified by traditional PCR, and quantified by quantitative real-time
PCR (qPCR) with TB Green Premix Ex TaqTM II (TaKaRa, RR820A)
reagent on a QuantStudioTM 3 Real-Time PCR Instrument (Thermo
Fisher Scientific, A28132). The relative enrichment was calculated by
normalizing the amount of a target DNA fragment after ChIP against
that before ChIP (Input). Primers for specific genome loci are listed in
Supplementary Table 12. The experiments were performed in biolo-
gical and technical triplicates.

Gene expression analysis
RNA extraction was performed with approximately 107 HeLa S3 cells
(48 h after transfection) for each sample, using the RNAiso Plus
reagent (TaKaRa, 108-95-2). Residual trace amounts of DNA were
digested by DNase I (TaKaRa, 2270 A). Reverse transcription-PCR (RT-
PCR) was carried out with 2 μg RNA using the SMART MMLV Reverse
Transcriptase (Clontech, 639522). The expression of TEAD1 and CTCF-
targeted genes was analyzed by qPCR with TB Green Premix Ex TaqTM II
reagent on a QuantStudioTM 3 Real-Time PCR Instrument (Thermo
Fisher Scientific, A28132). GAPDH was selected as an internal control.
Gene-specific primers used in qPCR are listed in Supplementary

Table 13. The experiments were performed in biological and technical
triplicates.

Dual luciferase reporter assay
A 770-bp DNA fragment for CTGF promoter region was amplified by
PCR with primers 5’-ACGCGTCGACTTAGGGTTTTACAGGTAGGC-3’

and 5’-ACGCGTCGACGGTCATGGTTGGCACTGC-3’, and inserted into
the SalI site of p2LUC vector. The resulted plasmid was co-transfected
with INSM1 variants and TEAD1 variants into HeLa cells. Firefly luci-
ferase and Renilla luciferase activity were determined using a Dual
Luciferase Reporter Assay Kit (Yeasen, 11402ES60) 48 h later according
to manufacturer’s protocol. Renilla luciferase activity was used as an
internal control for normalization.

Gene knockdown
DNA fragments containing the target sequences of INSM1, TEAD1, and
CTCF were synthesized by Sangon Biotech Co., annealed to obtain
dsDNAs, and then inserted into the BbsI site of pSpCas9(BB)-2A-GFP
(PX458) vector. The resulted plasmids were transfected into H69 cells.
After 48 h, the expressions of INSM1, TEAD1, and CTCF were analyzed
using western blot with specific antibodies, respectively. The expres-
sion of GAPDH was analyzed with anti-GAPDH antibody (Proteintech,
60004-1-Ig) as a loading control. Target sequences of INSM1, TEAD1,
and CTCF are listed in Supplementary Table 14. Raw western blot
images are shown in the Source Data file.

Cell proliferation assay
Cell proliferation was determined using MTS assay. Briefly, after
removing the culture medium, the HeLa S3 and NCI-H69 cells
(48 h after transfection) were rinsed with PBS solution once, and
then 100 μL of fresh culture medium and 20 μL of the CellTiter 96
AQueous One Solution reagent (Promega, G3580) were added for
incubation for 2 h. Subsequently, the absorbance at 490 nm was
recorded for each sample using a SpectraMax i3x microplate
reader (Molecular Devices). Three parallel experiments were
conducted each time.

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

Data availability
Source data are provided with this paper. The Structure coordinate
data for ZF1-ZF2 and ZF3 of INSM1 generated in this study have been
deposited in the Protein Data Bank database with ID 8JPY and 8K81.
The crystal structure of the complex of TEAD1-TEAD with MCAT DNA
can be found in the Protein Data Bank under ID 5NNX. The NMR che-
mical shift assignment data are deposited in the Biological Magnetic
Resonance Data Bank with ID 36573 and 36586. Source data are pro-
vided with this paper.
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