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Fig. S1. Generation of TBXT-binding DARPins. (A, B) Coomassie blue-stained SDS-PAGE gels
demonstrating biotinylation of the purified recombinant TBXT DBD (A) and full-length TBXT (B) used for the
selection of TBXT-binding DARPins. The TBXT DBD was used as the target protein for ribosome display, and
full-length TBXT was used in addition to the DBD for the following selection and verification experiments. (C)
HTREF signal for binding of the non-targeting control DARPin E3_5 and the 23 candidate DARPins to the TBXT
DBD and full-length TBXT.
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Fig. S2. Specificity and activity of T-DARPins. (A) Western blot of U-CH1, U-CH2, and JHC7 chordoma cell
lines 12 days after transduction with the three indicated T-DARPins or E3 5. One representative blot of three
independent experiments is shown. (B) Western blot of UM-Chorl cells 12 days after transduction with the six
lead T-DARPins or E3 5 with antibodies detecting TBXT and the TBXT downstream effector YAP1. One
representative blot of three independent experiments is shown. (C) TBXT mRNA expression measured by
quantitative RT-PCR in UM-Chorl cells stably expressing the six lead T-DARPins or E3 5. One-way ANOVA
with Dunnett’s test for multiple comparisons; mean = SEM of three biological replicates. *p < 0.05, **p < 0.01,
**%p < 0.001. (D) Overlay of the PDB structure M1JO for DARPin E3 5 (gray) with an AlphaFold2-generated
E3 5 structure (teal) using the same sequence. (E) Interaction modeling using HADDOCK 2.4 of T-DARPin
structures A2 (teal), B1 (blue), and D4 (dark green) generated with AlphaFold2 with the TBXT DBD structure
PDB 7HIS (gray). (F) Anti-Flag bead pulldowns of T-DARPins A2 and B1 co-transfected into HEK293T cells
with EV or a vector expressing HA-tagged WT TBXT, TBXT-R16L, TBXT-G177D, TBXT-H171R, or TBXT
lacking the DBD (ADBD). This figure is related to Figure 2D.
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Supplementary Figure 3 continued
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Fig. S3. Cellular effects of T-DARPin expression. (A) 3D Matrigel cultures of U-CH]12 cells. Spheroids were
counted on day 60 after lentiviral transduction with the indicated DARPins. One-way ANOVA with Dunnett’s
test for multiple comparisons; mean of three biological replicates. *p < 0.05, **p <0.01, ***p <0.001. (B) Same
experimental setup as in (A) but with lentiviral transduction of an shRNA targeting TBXT or shLuc. Unpaired t-
test; **p < 0.01. (C) Apoptosis measured by flow cytometry after staining with annexin V and PI 10 days after
lentiviral transduction of U-CH2 and U-CH12 cells with the indicated DARPins. Mean + SEM of two biological
replicates. Necrotic, PI*/annexinV~; early apoptotic, PI /annexin V*; dead, PI*/annexin V™; live, PI /annexin V-,
(D) Immunofluorescence of UM-Chorl cells 10 days after transduction with DARPins A2, B1, D4, or E3 5. Cells
were stained with F-actin-specific phalloidin (yellow), nucleus-specific DAPI (teal), and DARPin-specific anti-
His (magenta) antibodies. The original images were pseudo-colored for better visualization. White arrows depict
pancake-like and spindle-shaped cells. Scale bar, 100 um. (E) Number of viable cells measured by MTS assay
relative to day 1 over time of the TBXT-negative cell lines HCT116 (colon cancer), HT-1080 (fibrosarcoma), and
MES-SA (uterine sarcoma) expressing DARPins E3 5, A2, B1, or D4. (F) Confocal microscopy images of UM-
Chorl spheroids grown for 45 days in ultra-low attachment plates and stained with anti-TBXT and anti-Ki-67
antibodies and DAPI. (G) Schematic of the timeline of the preparation of U-CH1 cells before injection into NSG
mice. Created in BioRender. Frohling, S. (2024) BioRender.com/c53k096. (H) Western blot of U-CHI cells
transduced with E3_5 and T-DARPin D4 immediately before injection into NSG mice. (I) Western blot of lysates
from 12 U-CHI tumors (six transduced with E3 5 and six transduced with T-DARPin D4) at the endpoint of the



xenotransplantation experiment. (J) PCR from mRNA of 12 U-CH1 tumors (six transduced with E3 5 and six
transduced with T-DARPin D4) at the endpoint of the xenotransplantation experiment with primers for amplifying
the DARPin mRNAs. The positive controls E3 5 (+) and D4 (+) were amplified from DARPin mRNA extracted
from transduced U-CH]1 cells immediately before implantation.
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Fig. S4. TBXT regulome determined by T-DARPins in UM-Chor1 cells. (A) Pearson correlation coefficient
matrix for pairwise similarity of differential expression levels (logx>(fold change), generalized linear model (GLM)
with a Wald test, FDR < 1%) in the context of three T-DARPin conditions. RNA-seq of UM-Chorl cells 12 days
after transduction with T-DARPins A2, B1, and D4 and E3_5 performed in biological triplicates. Differential
expression was calculated using the DESeq2 workflow comparing gene expression in the context of each T-
DARPiIn treatment to E3 5. (B) Heatmap of RNA-seq data depicting genes known to be regulated by TBXT or
chordoma-relevant genes. Logx(fold change) was calculated as in A. (C) SOX9 mRNA expression measured by
quantitative RT-PCR in UM-Chor1 cells stably expressing the three T-DARPins or E3_5. One-way ANOVA with
Dunnett’s test for multiple comparisons; mean + SEM of three biological replicates. *p < 0.05, **p < 0.01, ***p
<0.001. (D) Fast preranked GSEA of RNA-seq data with the ARCHS* Tissue gene collection. Gene set names
were separated into words and represented in word clouds based on the frequency of occurrence of each word.
Common words such as “cell” or “tissue” were omitted. NES, normalized enrichment score. FDR < 5% via
permutation test followed by Benjamini-Hochberg correction. (E) Fast preranked GSEA of RNA-seq data with
the GO_BP gene collection focused on downregulated pathways. The left panel shows the number of significant
GO terms (adjusted p-value [padj] < 0.05 via permutation test followed by Benjamini-Hochberg correction) in
each cluster for each T-DARPin (column); the middle panel indicates the padj as a heatmap for each GO term
(row) and T-DARPin (column); and the heatmap in the right panel shows the semantic similarity clustering of
GO terms by “’binary cut”. The number of GO terms clustered (n = 210) is shown above this heatmap. The
enriched GO terms are summarized per cluster as word cloud by frequency of occurrence as in panel (D). (F) Fast
preranked GSEA of RNA-seq data with the GO_BP gene collection focused on upregulated pathways. Please see
panel (E) for a description. (G, H) Western blot of UM-Chorl cell lysates prepared in triplicate for DDA-MS.
Cells were transduced 14 days earlier with T-DARPins A2, B1, or D4 or E3 5 (G) or with sgNTC or sgTBXT



(H). (I) Volcano plots of proteins detected by DDA-MS in UM-Chorl protein lysates prepared in biological
triplicate as shown in (G) and (H). Differential protein expression changes were calculated relative to the
respective negative control (E3 5 for T-DARPins and sgNTC for sgTBXT) via permutation test followed by
Benjamini-Hochberg correction. (J) Fast preranked GSEA of proteome data with the ARCHS* Tissue gene
collection. Please see panel (D) for a description. (K) Fast preranked GSEA of proteome data with the GO BP
gene collection focused on downregulated pathways. Please see panel (E) for a description. (L) Fast preranked
GSEA of proteome data with the GO _BP gene collection focused on upregulated pathways. Please see panel (E)
for a description. (M) Circus plot with DEGs categorized according to their target development levels (TDL).
The heatmap shows the log>(fold change) of DEGs detected by RNA-seq via GLM with a Wald test, FDR < 5%
via Benjamini-Hochberg correction. DEGs with Tclin level are written out. DEGs also detected by DDA-MS are
not shown here but are included in Fig. 4E.
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Fig. S5. Relationship between IGFBP3 expression and TBXT inhibition. (A) Cellular protein levels of
IGFBP3 quantified by ELISA in JHC7 and U-CH2 cells transduced with DARPins E3 5, A2, B1, or D4. Mean
+ SEM with two (JHC7 A2) or three (all other conditions) biological replicates. (B) Western blot with cell lysates
and culture medium of U-CH2-Cas9 cells transduced with sgNTC or sgTBXT. Samples were treated with or
without the glycosidase PNGase F. (C) IGFBP3 mRNA levels measured by quantitative RT-PCR in UM-Chorl-
Cas9 cells transduced with sgNTC, sgTBXT, or two different sgRNAs targeting YAP1. One-way ANOVA with
Dunnett’s test for multiple comparisons; mean + SEM of three biological replicates. **p <0.01, ns, not significant.
(D) Western blot of UM-Chorl cells transduced with an shRNA targeting YAP1 or an shNTC in biological
triplicate (Rep1-3). (E) Genome browser snapshots of publicly available ChIPmentation data (GSE153971) in
UM-Chorl cells. Shown are tracks from three pulldown conditions: IgG control (anti-HA in parental UM-Chorl
cells; gray), TBXT ChIP (two replicates, anti-HA in HA-dTAG-TBXT, TBXT—/— UM-Chorl cells; light blue),
and H3K27ac ChIP (two replicates, anti-H3K27ac in HA-dTAG-TBXT, TBXT—/— UM-Chorl cells; black). Two
putative cis-regulatory elements upstream of the /GFBP3 promoter, highlighted in red, were selected for further
validation. (F) ChIP-qPCR analysis of TBXT occupancy at the two putative regulatory elements in UM-Chorl
cells expressing either control DARPin E3_5 or the T-DARPins A2, B1, and D4. Enrichment was measured at a
negative control region (KLK3) and the two candidate enhancer regions shown in (E) by qPCR. Two-way
ANOVA with Dunnett’s test for multiple comparisons vs. negative control E3_5; mean = SEM of three biological
replicates. ns, not significant, **p<0.01, ***p<0.001. (G) UpSet plot showing set and intersection sizes for
proteins that are up- or downregulated upon TBXT inhibition with (sgIGFBP3 ) and without (sgNTC) IGFBP3
knock-out (logx(fold change) > 0.2 or < -0.02, FDR < 5% by GLM with a Wald test and Benjamini-Hochberg
correction. (H) Effect of TBXT inhibition (D4/E3_5) on UM-Chorl-Cas9 cells stably expressing sgNTC or
sglGFBP3. Protein levels from DIA-MS graphed as logx(fold change) with upper and lower confidence intervals
for four notochord marker genes. Log>(fold change) was calculated as in G.
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Fig. S6. Drug response of chordoma cell lines. (A) GR analysis of the indicated cell lines after seven days of
treatment with the pan-JAK inhibitor filgotinib, the JAK2 inhibitors AZD1480, fedratinib, and pacritinib, the
STATTI inhibitor fludarabine, and the FLT3 inhibitor gilteritinib at concentrations of 10 uM to 1 nM. GR values
between 1 and 0 indicate proliferation inhibition, O indicates a complete cytostatic effect, and values between 0
and —1 indicate additional cytotoxicity. One of three representative experiments is shown, with each data point
representing a technical triplicate. (B) Western blot for FLT3 in chordoma cells and the FLT3-positive leukemia
cell line MOLM-14. (C) Apoptosis measured by flow cytometry after staining with annexin V and 7-AAD of cell
lines treated with 3 uM of the indicated drugs for seven days. Mean + SEM of two biological experiments. (D)
Quantification of colony formation assay shown in Fig. 6F with U20S and the indicated chordoma cell lines
treated for 14 days with 1 uM of the indicated drugs. Mean + SEM of three independent experiments. One-way
ANOVA with Dunnett’s test for multiple comparisons; *p < 0.05, **p <0.01, ***p <0.001, ns, not significant.



Table S1: Primers used for site-directed mutagenesis

Name Primer sequence (5¢ to 3¢)

R16L forward CTCAGCAGATGATCAACAAGATACTGCAGGCTTTTAC

R16L reverse GTAAAAGCCTGCAGTATCTTGTTGATCATCTGCTGAG
H171R forward GACCACCAACACGAACAATACGAATACGCGGTTCATATTTA
HI171R reverse TAAATATGAACCGCGTATTCGTATTGTTCGTGTTGGTGGTC
G177D forward CATATTGTTCGTGTTGGTGATCCGCAGCGTATGATTACC
G177D reverse GGTAATCATACGCTGCGGATCACCAACACGAACAATATG
ADBD forward GTGATCCGACCGAACGTGAAGCAAAAGAACGTAGC

ADBD reverse GCTACGTTCTTTTGCTTCACGTTCGGTCGGATCAC

Table S2: sgRNA oligonucleotides

Name
sgNTC
sgIBXT
sgYAPI
sgYAPI-1
sglGFBP3

sgRNA sequence (5¢ to 3°)

AAAAAGCTTCCGCCTGATGG
TGGCTGGTGATCATGCGCTG
GTGCACGATCTGATGCCCGG
TGCCCCAGACCGTGCCCATG
CACCAGCTCCGCGCACACGG

Table S3: miR-E shRNA oligonucleotides (sense in bold)

Name

shLuc

shTBXT

shRNA sequence (5° to 3°)

TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAA
GCCACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCCTCG
GA
TGCTGTTGACAGTGAGCGCAAGTACAATCCATTTGCAAAATAGTGA
AGCCACAGATGTATTTTGCAAATGGATTGTACTTATGCCTACTGCCTC
GGA



Table S4: shRNA oligonucleotides (sense)

Name

shNTC

shYAP

shRNA sequence (5° to 3°)

CAACAAGATGAAGAGCACCAA

CCCAGTTAAATGTTCACCAAT

Table S5: Primer sequences used for ChIP-qPCR.

Target
gene

KLK3

KRT8

TBXT

COL5A2

C7o0rf69

SOX9

IGFBP3
Enhancer 1
IGFBP3
Enhancer 2

Genomic coordinates
(hg19)

chr19:
51361368-51361474
chrl2:
53312519-53312591
chr6:
166607729-166607832
chr2:
190057585-190057722
chr7:
47811747-47811857
chrl7:
70093678-70093815
chr7:
45964140-45964217
chr7:
46017893-46017964

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Primer sequence (5’ to 3°)

CACACCCGCTCTACGATATGA
GAGCTCGGCAGGCTCTGA
GCTTGACTCTCACCAACCCTC
TGGGGGAAATTGTGTGGAGA
TCCACATCTGCAAACCAGCC
TCAAGGAGTGCTGAGTCCGA
TCTTTATCTCAAGCATGGGTTCCT
CCAAATGCGTCCTCTTGTGA
GCTAGGACCTGGATGTGTGG
CCATAGGCGTGAGAGGAGTTC
ACCACCAGAGGGTGTTCTGT
TCCAGCTCAACTCTTTCCACA
ACAGCAGAGAAAACAGAGAGGT
TGACCACACGGACAGGTTTG
CAGCCCTCCTGCCACTTTAG
TCAGCATTCTCTGTCTCTGGAA

Table S6: Primary and secondary antibodies used for western blotting

Name

Anti-TBXT
(D2Z37)

Anti-FLAG

Anti-B-actin
(AC-15)

Anti-B-actin

Source

. Dilution Company Article #
species
Rabbit 1:1,000 in 5% BSA/TBST  Cell Signaling 81694
Rabbit 1:400 in 5% BSA/TBST Sigma-Aldrich  F7425
Mouse 1:2,000 in 5% BSA/TBST  Sigma-Aldrich  A1978
Rabbit 1:1,000 in 5% BSA/TBST  Cell Signaling 4967



Anti-HSP90
(F-8)
Anti-YAP
(DSHIX)

Anti-IGFBP3
(EPR18680-153)

Anti-IGFBP3
(D1U9C)
Anti-ISG15
(EPR3446)

Anti-JAK1

Anti-JAK2
(D2E12)

Anti-JAK3

Anti-TYK?2
(D4I5T)
Anti-STATI
(D1K9Y)
Anti-STAT?
(D9J7L)
Anti-STAT3
(124H6)
Anti-STAT4
(C46B10)
Anti-STAT5
(D206Y)
Anti-STAT6
(D3H4)
Anti-IRF9
(D2T8M)

Anti-EGFR

Anti-
pEGFR(Y1068)
Anti-mouse I1gG
(H+L) DyLight
680 Conjugate
Anti-rabbit IgG
(H+L) DyLight
800 4X PEG
Conjugate

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Goat

Goat

1:5,000 in 5% BSA/TBST

1:

1

1

1,000 in 5% BSA/TBST

:1,000 in 5% BSA /TBST

:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST
:1,000 in 5% BSA/TBST

:1,000 in 5% BSA/TBST

:15,000 in 5% milk/TBST

:15,000 in 5% milk/TBST

Santa Cruz

Cell Signaling

Abcam

Cell Signaling
Abcam

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

sc-13119

14074

ab193910

25864

ab133346

3332

3230

3775

14193

14994

72604

9139

2653

94205

5397

76684

4267

3777

5470

5151



Anti-rabbit IgG, 1:100,000 in 5%

HRP-linked Goat milk/TBST Cell Signaling 7074
Anti-mouse 1gG, 1:100,000 in 5% . .
HRP-linked Horse milk/TBST Cell Signaling 7076

Table S7: Primer sequences used for quantitative RT-PCR.

Name Primer sequence (5¢ to 3¢)

SOX9 forward AGCGAACGCACATCAAGAC
SOXO reverse CTGTAGGCGATCTGTTGGGG
TBXT forward TATGAGCCTCGAATCCACATAGT
TBXT reverse CCTCGTTCTGATAAGCAGTCAC
ACTB forward CATGTACGTTGCTATCCAGGC
ACTB reverse CTCCTTAATGTCACGCACGAT

Other Supplementary Materials for this manuscript include the following:
Data S1: Affinity purification mass spectrometry data

Data S2: Significantly differentially expressed genes in UM-Chorl cells after TBXT inhibition
with three T-DARPins

Data S3: Gene set enrichment analysis of RNA-seq data

Data S4: Proteins detected in UM-Chorl cells after TBXT inhibition with three DARPins and
TBXT knockout

Data SS: Gene set enrichment analysis of the DDA-MS proteome data

Data S6: Categorization of the TBXT-regulated DEGs and DEPs according to their target
development levels

Data S7: DIA-MS proteomics of IGFBP3 wild-type and knock-out cells in combination with
expression of DARPins D4 or E3 5
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