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ABSTRACT

Hyperactive WNT signaling is a potent cancer driver, but 
clinical translation of WNT inhibitors has been hampered 
by on-target toxicities. WNT signaling can be constrained 
through inhibition of the PARP family enzymes Tankyrase 1 
(TNKS1) and Tankyrase 2 (TNKS2), however, existing TNKS 
inhibitors suppress WNT signaling in both tumor and healthy 
tissues. In this study, we show that the loss of chromosome 
8p that occurs in approximately half of advanced epithelial 
malignancies, creates a collateral vulnerability that enables 
tumor-selective inhibition of Tankyrase activity. 8p loss 
depletes expression of TNKS1 and creates a tumor-specific 
dependency on the functionally redundant TNKS2 protein. 
Through structure-guided drug design, we identify a first-in-
class TNKS2-selective inhibitor that can drive selective WNT 
inhibition in TNKS1-deficient oncogenic cell and organoid 
models. This work demonstrates a targetable vulnerability in 
multiple cancer types, providing a new approach to potent 
and selective WNT-targeted therapies.

compounds have been developed that target TNKS1/TNKS2 
enzymes and these compounds can effectively stabilize 
AXIN1, downregulate WNT signaling, and suppress tumor 
cell proliferation in multiple cancer types (16-18, 20-23). 
However, like other broad WNT inhibitors, potent TNKS1/
TNKS2 inhibitors cause dose-limiting tissue toxicity in vivo, 
limiting their therapeutic potential (16, 17).

During malignant progression, many cancers acquire large-
scale chromosomal amplifications and deletions. One of 
the most frequent genomic alterations in human epithelial 
cancers are deletions on the short arm of chromosome 8 
(8p), which contains the TNKS1 locus (24-28). Here, we 
show that tumors with 8p deletions, which express reduced 
or no TNKS1 protein, carry an acquired tumor-specific 
dependence on TNKS2 for cellular Tankyrase activity. In these 
cells, WNT pathway activity is regulated primarily by TNKS2 
and can be diminished by selective suppression of TNKS2. 
Through rational drug design, we develop a first-in-class 
TNKS2-selective small molecule inhibitor that suppresses the 
growth of TNKS1-deleted but not TNKS1-diploid cells. This 
work represents the first description of a targetable collateral 
vulnerability in the WNT pathway and demonstrates the 
feasibility for the development of potent and selective TNKS2 
inhibitors as a therapeutic modality. 

RESULTS

Chromosome 8p deletions sensitize cells to TNKS2-selective 
silencing

Large genomic deletions in Chromosome 8 are frequently 
observed in many epithelial cancer types. Analysis of available 
ICGC and TCGA whole genome sequencing data  (29) shows 
approximately half of colon, lung, breast, liver, and prostate 
cancers carry heterozygous or homozygous 8p deletions (Fig. 
1A). Loss of this genomic segment and reduced TNKS1 gene 
dosage correlates with a decrease in TNKS1 transcript and 
protein expression (Fig. 1B-C, fig. S1A-B). Consistent with 
previously published data (18, 30), suppression of both TNKS1 
and TNKS2 in 8p diploid DLD1 cells was required to stabilize 
AXIN1; however consistent with an induced dependency 
on TNKS2 in 8p-deleted cells, silencing of TNKS2 alone in 
HCC1171 cells was sufficient to stabilize AXIN1 (Fig. 1D). 

The 8p chromosome arm contains several potential tumor 
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INTRODUCTION

Hyperactivation of the WNT pathway is a near-ubiquitous 
feature of colorectal cancer (CRC). Suppressing WNT 
hyperactivation through genetic or pharmacologic approaches 
can prevent tumor growth and/or drive sustained tumor 
regression (1-8). WNT activation is also implicated in the 
pathogenesis of numerous other tumor types, including breast, 
lung, prostate, gastric, ovarian and hepatocellular cancers (9), 
drives therapy resistance (10-13), and can suppress activity of 
immune checkpoint inhibitors (14, 15). Thus, while there is 
substantial clinical potential for targeting WNT signaling in 
cancer, early clinical studies, and in vivo pre-clinical work 
with WNT inhibitors have revealed significant on-target 
toxicities in normal tissues (16, 17).

One strategy to suppress WNT signaling is through inhibition 
of Tankyrase activity. Tankyrase (TNKS; hereafter TNKS1 for 
clarity) and Tankyrase 2 (TNKS2) are functionally redundant 
PARP-family enzymes that promote WNT signaling through 
the PARylation and degradation of the negative regulator 
AXIN1 (18) and have been shown to modulate YAP signaling 
by targeting AMOT proteins (19). Many small molecule 
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Figure 1: 8p deletion and TNKS1 loss sensitizes 
cells to TNKS2-selective suppression

(A) Fraction of common epithelial cancers 
carrying heterozygous or homozygous 
8p deletions. Data is derived from the 
ICGC/TGCA PanCan dataset. (B) TNKS1 
genomic copy number is correlated with 
TNKS1 transcript expression in CRC. Data 
is derived from the ICGC/TCGA PanCan 
dataset. Center line, median; box limits, 
upper and lower quartiles; whiskers, 
min to max. (C) Western blot showing 
reduced TNKS1 protein expression with 
8p deletions in a panel of colorectal 
(DLD1, SW480, SW1417) and lung (PC9, 
HCC1171) cancer cell lines. (D) Western 
blot showing AXIN1 and TNKS1/2 levels 
following TNKS1, TNKS2, or TNKS1/2 
suppression. shTNKS2 induced AXIN1 
stabilization in 8p null cells (HCC1171) 
but not 8p diploid cells (DLD1). (E) Western 
blot showing TNKS1 protein expression 
in TNKS1WT, TNKS1Het, and TNKS1KO 
DLD1s. (F) Western blot showing AXIN1 
levels following TNKS1, TNKS2, or 
TNKS1/2 suppression. shTNKS2 induced 
AXIN1 stabilization in DLD1 TNKS1Het 
and TNKS1KO isogenic clones but not 
TNKS1WT cells. (G) Fraction of viable 
organoids 4 days after crypt isolation from 
mice expressing shRNAs for two weeks. 
shTnks1/2.A and shTnks1/2.B represent 
two different shRNA combinations (n = 
7-15, mean with SEM, one-way ANOVA 
with Tukey correction). (H) In situ 
hybridization of Lgr5 expression in the 
small intestine of Tnks1WT or Tnks1KO 
mice on dox (shTnks2) or off dox (no 
shRNA). (I) Fraction of viable organoids 4 
days after crypt isolation from mice on dox 
(shTnks2) or off dox (no shRNA) for three 
weeks.  (n = 3-6, mean with SEM, one-way 
ANOVA with Tukey correction).
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suppressor genes whose aggregate loss may promote 
tumorgenicity (25, 28). To confirm the selective effect of 
TNKS2 suppression is specifically due to the loss of TNKS1, 
we generated homozygous knockout (TNKS1KO) and 
heterozygous (TNKS1HET) isogenic DLD1 clones (Fig. 1E). As 
expected, in TNKS1KO cells, TNKS2 silencing induced AXIN1 
stabilization to a level equivalent to suppression of both 
TNKS enzymes (Fig. 1F). Importantly, AXIN1 stabilization 
was also apparent at intermediate levels in TNKS1HET cells, 
suggesting that TNKS1 is haploinsufficient for supporting 
cellular Tankyrase activity and that heterozygous TNKS1 loss 
can sensitize cells to TNKS2 inhibition (Fig. 1F). 

Homozygous deletion of both Tankyrase enzymes in mice 
causes embryonic lethality, while TNKS2 knockout mice are 
viable and fertile (31). This suggests that systemic, selective 
TNKS2 targeting would have minimal toxicity to normal 
tissues. To directly test this idea in vivo, we generated mice 
harboring an inducible shRNA targeting Tnks2 and compared 
it to our previously published Tnks1/Tnks2 dual knockdown 
mice (3). To explore the effect of Tnks2-selective suppression 
on tissue function with high WNT pathway activity in vivo, 
we measured the ability of intestinal crypts to form budding 
organoids in Matrigel culture. Silencing of both Tnks1 and 
Tnks2 induced a significant decrease in stem-cell driven 
organoid formation compared to neutral (shRen) controls (Fig. 
1G, p<0.01), while Tnks2 suppression showed a mild but not 
significant decrease in organoid formation (Fig. 1G; p>0.05).

To determine whether loss of one or both copies of Tnks1 
would create a Tnks2 dependence in vivo, we used Cas9 and 
tandem sgRNAs to delete the entire Tnks1 locus in fertilized 
zygotes and intercrossed the resulting animals to generate 
wildtype (Tnks1WT), heterozygous (Tnks1HET) and homozygous 
(Tnks1KO) knockout mice carrying the inducible shTnks2 
cassette (Fig. S2A-C, Fig. S3A). In the absence of doxycycline 
(no Tnks2 silencing) there was no difference in organoid 
forming capacity or the expression of the WNT target Lgr5 
between Tnks1WT and Tnks1KO crypts (Fig. 1H-I), implying 
Tnks1 is largely dispensable for crypt function. Similarly, 
Tnks1WT/shTnks2 mice treated with dox for 3 weeks showed 
robust Lgr5 expression and organoid formation comparable 
to untreated controls (Fig. 1H-I, Fig. S3B). In contrast, dox-
treated Tnks1KO/shTnks2 mice showed a significant defect 
in organoid formation and had a marked reduction in Lgr5 
expression in crypt stem cells (Fig. 1H-I). Further, consistent 
with the dose dependent AXIN1 stabilization seen in isogenic 
DLD1 cells, Tnks1HET/shTnks2 animals showed reduced 
organoid forming capacity and intermediate Lgr5 expression 
in intestinal crypts (Fig. 1I, Fig. S3B).

Together, these data support the concept that the loss of either 
one or both copies of TNKS1 following 8p deletions, creates a 
TNKS2 dependence that could be exploited to enable tumor 
cell-selective suppression of WNT signaling in 8p-deleted 
tumor cells while avoiding on-target toxicities associated with 
WNT blockade in normal tissues. 

Rational design of TNKS2-selective small molecule inhibitors

More than 50 small molecule Tankyrase inhibitors have 

been described in the literature (16-18, 20-23, 32). These 
compounds bind either the adenosine (e.g. G007-LK) (16) 
or nicotinamide (e.g. XAV939) (18) subsites of the enzyme 
(Fig. 2B), or act as dual-binders, contacting both subsites 
(e.g. TNKS656) (22). Most TNKS inhibitors potently inhibit 
both TNKS1 and TNKS2 enzymes, though some have been 
reported to have 20-50 fold selectivity for TNKS2 (33-35). To 
directly test whether these existing compounds could provide 
potent and selective TNKS2 inhibition we resynthesized 
and tested four reported TNKS2-selective molecules using 
a commercial PARylation assay for TNKS1 and TNKS2 (Fig. 
S4). In contrast to the published data, each of the previously 
described compounds showed less than 10-fold selectivity 
toward TNKS2, like reported pan-TNKS inhibitors (Fig. S4).

The catalytic PARP domains of TNKS1 and TNKS2 have high 
sequence identity, particularly in the residues that surround 
the nicotinamide and adenosine subsites (Fig. 2A), making 
selective targeting of these regions challenging. Through 
analysis of available crystal structures of the TNKS1 and 
TNKS2 enzymatic domains, we noted two residues (A1112 
and L1136 in TNKS2) surrounding the acceptor site that 
were not conserved between TNKS1 and TNKS2 (Fig. 2A). 
We reasoned that extending a ligand from the adjacent 
nicotinamide subsite into the acceptor site, could impart 
selectivity toward TNKS2 (Fig. 2B). We first established an 
initial set of molecules derived from XAV939 with quinazolin-
4(3H)-one scaffold that effectively inhibited TNKS1/TNKS2 
activity and then used structure-based design with docking 
and validated free energy calculations with FEP+ (Fig. 
S5A-B) to extend them toward the variant residues through 
the addition of substituents to quinazolin-4(3H)-one scaffold  
(Fig. 2B). 

To identify TNKS2 selective inhibitors we undertook an SAR 
campaign exploring different trajectories on the quinazolin-
4(3H)-one core with the objective of interacting with the 
flexible B-loop. In total, we synthesized over 300 small 
molecules with different chemical moieties and measured 
inhibitory activity of each using biochemical PARylation and 
cellular assays. From initial screening, we identified 88 small 
molecules with good potential potency and/or selectivity for 
full dose response assays against TNKS1 and TNKS2. Of the 
88 small molecules in secondary screening, we identified 7 
with high potency against TNKS2 (IC50 < 50nM) and greater 
than 25-fold selectivity toward TNKS2 (TNKS1 IC50 / TNKS2 
IC50 > 25) (Fig. 2C-D, fig. S6, Table S1). 

To determine whether the seven identified compounds 
showed selective inhibition of endogenous TNKS2 protein in 
cells, we quantified the stability of a GFP-AXIN1 reporter in 
both wildtype (TNKS1WT) and TNKS1 knockdown (TNKS1KD), 
NIH3T3 cells (Fig. 2E-F, fig. S7A-B); This reporter allows direct 
and simple quantification of AXIN1 protein stabilization while 
avoiding confounding changes in AXIN1 transcription. In this 
assay, TDI-012804 was most potent and showed the clearest 
selectivity profile (Fig. 2G-H, Fig. S7C). To further evaluate 
TDI-012804 activity in cells, we quantified the impact on 
downstream WNT-mediated transcription in TNKS1 isogenic 
DLD1 cells using an integrated TOP-Flash reporter. Consistent 
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Figure 2: Development of TNKS2-selective small molecule inhibitors
(A) Surface displacement of TNKS2 catalytic domain with non-conserved residues highlighted. (B) XAV939 bound to the TNKS2 donor site. (C) Dose 
response curves of in vitro PARylation assay measuring the enzymatic activity of TNKS1 and TNKS2 incubated with XAV939 or TDI-012804 (n = 4, error 
bars = SEM). Enzymatic activity is normalized to DMSO. (D) Scatterplot showing the TNKS2 IC50 and TNKS2 selectivity (TNKS1 IC50 / TNKS2 IC50) of 
synthesized compounds (N = 2-4). Green box highlights potent (TNKS2 IC50 < 50nM) and selective (>25-fold) compounds. Blue point = XAV939. Orange 
points = previously published TNKS2-selective compounds. Black points = novel compounds. (E) AXIN1-GFP reporter construct to measure stabilization 
of AXIN1 protein. (F) Western blot of 3T3 AXIN1-GFP reporter cells showing stabilization of AXIN1 and GFP protein following incubation with 1uM 
XAV939 or 1uM G007-LK for 24h. (G) AXIN1-GFP stabilization following incubation with XAV939 or TDI-012804 for 24h (n = 3, error bars = SEM). 
GFP stabilization is quantified as the increase in fluorescence over DMSO and normalized to the highest concentration. (H) EC50 values in shRenilla 
and shTnks1 AXIN1-GFP reporter cells of the seven hit compounds, XAV939, and G007-LK (N=3). Selectivity is shRenilla EC50 / shTnks1 EC50. (I) Dose 
response curves of transcriptional activity measured using a TOPFlash reporter expressed in DLD1s (n = 3 [XAV939] or 2 [TDI-012804], error bars = SEM). 
Luciferase is normalized to DMSO. (J) Western blot showing selective AXIN1 stabilization in DLD1s with TDI-012804 treatment (500nM or 250nM for 
24h). (K) Structure of TDI-012804. Image in (E) created with Biorender.com

with the GFP-AXIN1 data, TDI-012804 was potent (EC50 
<100nM) and showed TNKS2-selectivity in these cells as 
compared to the nonselective XAV939 (Fig. 2I, Fig. S8). As 
observed in TNKS2 shRNA experiments (Fig. 1F), TNKS1HET 
cells showed increased response to TDI-012804 compared 
to TNKS1WT cells (Fig. 2I), further supporting the notion that 
a single allele of TNKS1 is not sufficient to support cellular 
Tankyrase function. 

Consistent with the GFP-AXIN1 reporter, TDI-012804 induced 
marked stabilization of endogenous AXIN1 in both TNKS1HET 
and TNKS1KO cells but induced only a minimal increase in 
AXIN1 protein in TNKS1 diploid controls (Fig. 2J). Importantly, 
TDI-012804 (Fig. 2K) showed no inhibition of related PARP-
family enzymes (PARP1, PARP2, and PARP3), highlighting it 
as a potent and selective TNKS2 inhibitor (Fig. S9).

Structural basis for TNKS2 selective inhibition

To define the mechanism underlying TNKS2 inhibition by 
TDI-012804 we sought to structurally characterize the ligand 
bound state to the TNKS2 catalytic domain. As previously 
described (36, 37), the minimal active ADP-ribosyl transferase 
unit of TNKS2, the SAM-PARP domains, adopts a helical 
filamentous architecture, aiding the determination of a high-
resolution structure (Fig. 3A).  Using a combination of helical 
reconstruction and focused refinements, we determined a ~ 
2.2 Å nominal resolution cryo-electron microscopy (cryo-
EM) map of TDI-012804 bound to TNKS2 (Fig. S10, S13, 
Table S2). This structure illustrated that the ligand occupied 
both the nicotinamide donor site and the acceptor site (Fig. 
3B), consistent with the computational design. TDI-012804 
has 2-phenyl-3,4-dihydroquinazoline-4-one core, which is 
anchored in the nicotinamide subsites by similar interactions 
as previously reported for this scaffold. The lactam portion 
of the quinazolinone ring forms hydrogen bond networks 
with Ser1068 side chain and the Gly1032 backbone amide. 
The quinazolinone core forms a ∏-stacking interaction with 
Tyr1071, while the phenyl group at 2-position fits into a 
hydrophobic pocket. In the acceptor subsite, the amide NH 
forms a hydrogen bond with Glu1138, while the pyridine 
nitrogen interacts with Met1054 through water-mediated 
interaction. (Fig. 3C). 

To gain insight into potential mechanisms of TNKS2 selectivity, 
we additionally resolved cryo-EM structures of TNKS2 in the 
absence of ligand (apo) and bound to the non-selective inhibitor 

XAV939 (Fig. S11-13). Analysis of these structures revealed 
that the terminal phenyl ring of TDI-012804 forces the B-loop 
in the acceptor subsite to adopt an “open” conformation 
in contrast to the “closed” conformation observed in the 
presence of XAV939 or without ligand (Fig. 3D).  While the 
TNKS2 B-loop is notably dynamic in all conditions, the closed 
loop conformation of Leucine 1134 resolved in the presence 
of XAV939 or in the absence of ligand would clash with the 
phenyl ring in TDI-012804, reducing ligand association (Fig. 
S14A-D). However, rearrangement of the B-loop into the 
open conformation when bound to TDI-012804 re-positions 
L1134 away from the active site and allows the phenyl ring 
to form a pi-pi stacking interaction with P1129. An analysis 
of all known crystal structures of both TNKS1 and TNKS2 
indicates that the TNKS1 B-loop is modeled in the closed 
conformation near exclusively whereas the TNKS2 B-loop has 
been modeled in a continuum of conformations between the 
open and closed conformations. 

Together, these data indicate that the B-loop is more dynamic 
in TNKS2 than in TNKS1. A single amino acid (L1136 of 
TNKS2; Y1289 in TNKS1) distinguishes the B-loops of TNKS1 
and TNKS2; We reasoned that the enhanced intramolecular 
hydrogen bonding network provided by a tyrosine in this 
position may increase the rigidity of the B-loop of TNKS1 and 
thus impede binding of TDI-012804  (Fig. 3E). To directly test 
this, we purified TNKS2WT, TNKS2L1136Y and TNKS1 SAM-PARP 
domains and measured the IC50 for TDI-012804 and XAV939 
by in vitro PARylation assay. Consistent with our model, 
mutation of L1136 to tyrosine (L1136Y) significantly reduced 
the potency of TDI-012804 against TNKS2 but had no effect on 
the activity of XAV939 (Fig. 3F, Fig. S15A). These data suggest 
that L1136 in TNKS2 contributes to the enhanced flexibility 
of the TNKS2 B-loop, thereby increasing TDI-012804 affinity. 
To investigate the effect of the L1136Y substitution on the 
selectivity of TDI-012804 in cells, we generated TNKS1KO 
DLD1 cell lines that exogenously expressed TNKS2WT or 
TNKS2L1136Y and measured AXIN1 stabilization 24h following 
treatment. Consistent with the biochemical assay, TDI-012804 
increased AXIN1 protein in TNKS1KO and TNKS1KO/TNKS2WT 

cells, but not in TNKS1WT or TNKS1KO/TNKS2L1136Y cells (Fig. 
3G-H, Fig. S15B). Consistent with the PARylation assay, the 
L1136Y substitution did not alter the response to the pan-
TNKS inhibitor XAV939 (Fig. 3G-H, Fig. S15B).
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Figure 3: Mechanism of TNKS2-selective small molecule inhibitors
(A) Volume overview, shown as an isosurface, depicting the TNKS2 SAM-PARP filament and associated TDI-012804 binding sites (colored lime green). (B) The 
TDI-012804 binding site in relation to conserved tankyrase active-site motifs. TDI-012804 is shown as sticks and overlaid with the cryo-EM map density (C) 
Active-site residues, involved in the recognition of TDI-012804, are depicted as sticks with associated hydrogen bonds shown as dashed cyan connections. (D)  
Superimposition of the +XAV (ligand shown in sticks and colored pink) sand +2804 (ligand shown in sticks and colored green) models.  (E) Cartoon schematics 
of the B-loop as observed in the experimental structures; +XAV/apo (top-left), +2804 (bottom left) and models depicting the L1136Y mutant in the closed (top 
right - modeled using PDB 4W6E) and open conformations. Intramolecular hydrogen bonds are depicted as cyan dashes.  (F) Fold selectivity of IC50 values of 
XAV939 and TDI-012804 comparing the effect on TNKS1WT to TNKS2WT and TNKS2L1136Y enzymatic activity using an in vitro PARylation assay (n = 3, mean with 
SD, two-way ANOVA with Sidak correction). (G) Western blot showing AXIN1 and TNKS1/2 levels in TNKSKO DLD1s expressing no cDNA, TNKS2WT cDNA, or 
TNKS2L1136Y cDNA, compared to TNKS1WT DLD1s. Cells were treated with DMSO, 250nM XAV939, or 250nM TDI-012804 for 24h. (H) Quantification of 
AXIN1 western blot band intensity normalized to Actin (n = 3, mean with SD, two-way ANOVA with Tukey correction). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 7, 2025. ; https://doi.org/10.1101/2025.03.04.641305doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.04.641305
http://creativecommons.org/licenses/by-nc-nd/4.0/


Zimmerman et al, bioRxiv preprint

TNKS2-selective inhibitors suppress WNT signaling in TNKS-
depleted cells

Tankyrase inhibition in DLD1 cells induces WNT pathway 
suppression but does not impact cell proliferation or viability 
(16, 30). To test the effect of TDI-012804 in a WNT-dependent 
system that closely mimics normal intestinal biology, we 
generated Tnks1WT, Tnks1HET and Tnks1KO intestinal organoid 
cultures harboring a homozygous nonsense mutation 
(Q1405X) in the APC tumor suppressor (Fig 4A-B). This 
mutation models common truncating events within the 
mutation cluster region of APC observed in both familial and 
sporadic CRC. Consistent with previously published strong 
WNT and TNKS dependence of APC mutant organoids (3), 
RNA-sequencing of G007-LK treated ApcQ1405X/Tnks1WT and 
ApcQ1405X/Tnks1KO small intestinal organoids revealed broad 
transcriptional changes including reduced stem and progenitor 
cell signatures and upregulation of intestinal differentiation 
markers across multiple cell lineages (Fig. 4C-E).  ApcQ1405X/
Tnks1KO organoids treated with TDI-012804 showed a near-
identical overall transcriptional response to G007-LK treated 
cultures, while ApcQ1405X/Tnks1WT organoids showed no 

significant gene expression changes compared to DMSO 
controls (Fig. 4C-E). Notably, there were only two significantly 
deregulated genes in the RNAseq analysis comparing G007-
LK and TDI-012804 in Tnks1KO organoids (Table S3), implying 
that TDI-012804 does not have measurable non-Tankyrase 
(off-target) activity at effective doses.

TNKS2-selective inhibitors block proliferation in TNKS-
depleted cancer cells and organoids

To further explore the effects of TNKS2 inhibition on cell 
survival and proliferation, we identified several human cancer 
cell lines that are responsive to TNKS inhibition either alone 
or in combination with other targeted therapies (16, 30, 38). 
These included one 8p heterozygous cell line, SW403 (CRC), 
and two 8p diploid lines, OVCAR4 (Ovarian) and H23 (lung). 
Consistent with the response seen in TNKS1 heterozygous 
DLD1 cells, TDI-012804 treatment of SW403 cells induced 
AXIN1 stabilization to similar levels as the pan-TNKS inhibitor 
G007-LK (Fig. 5A). Consequently, treatment with either TDI-
012804 or G007-LK resulted in a similar reduction in colony 
formation (Fig. 5B). As expected, treatment of 8p diploid H23 
cells with TDI-012804 did not induce AXIN1 stabilization nor 

Figure 4: TNKS2-selective inhibitors suppress WNT in TNKS-depleted cells
(A) Generation of small intestinal organoid lines carrying ApcQ1405X mutations. (B) C>T mutations in Apc allele in organoid lines, and brightfield images of 
Apc mutant organoids. Scale bar = 200um. (C) Heatmap showing average log2 normalized expression of all differentially expressed genes (log2 fold change > 
1, padj<0.05) between G007-LK and DMSO treatments (n=3 replicates/condition). (D) Volcano plots highlighting average log2 fold change of genes enriched 
in Lgr5-high cells (“Lgr5 signature”) or differentiated enterocytes (“Enterocyte signature”), comparing treatments as indicated to DMSO treated organoids (n=3/
condition). (E) Summary of the top 20 positively and negatively enriched gene sets enriched (from the G007-LK vs DMSO comparison) ranked by normalized 
enrichment score (NES). Plot shows NES (color) and false discovery rate qval (size) for all treatment conditions compared to DMSO treated cells of the same 
genotype. Image in (A) created with Biorender.com
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suppress colony formation like G007-LK (Fig. S16A); however, 
suppression of TNKS1 in these cells induced a significant 
sensitization to TDI-012804 that was further enhanced in the 
presence of Palbociclib (Fig. 5B, Fig. S16B). OVCAR4 cells 
were sensitive to pan-TNKS inhibition by G007-LK with or 
without Palbociclib (Fig. 5B, Fig. S16A-B), and consistent 
with the response seen in H23 cells, TDI-012804 significantly 
reduced OVCAR4 colony formation only in TNKS1-depleted 

cells (Fig. 5B).

We next measured cell proliferation in ApcQ1405X mutant 
organoids over 6 days of treatment. As expected, G007-
LK showed robust suppression of proliferation across all 
Tnks1 genotypes, as measured by a marked reduction in 
total organoid area (Fig 5C, fig. S17) and viability/metabolic 
activity (Alamar blue; Fig. 5D). Likewise, TDI-012804 strongly 

Figure 5: TNKS2 inhibitors reduce proliferation and viability in TNKS1-depleted cells.
(A) Western blot showing stabilization of  AXIN1 protein levels in SW403 cells treated with G007-LK (250nM) or TDI-012804 (250nM) for 24h. (B) Quantification 
of SW403 colony forming assays treated with 250nM G007-LK or 250nM TDI-012804 normalized to DMSO (n = 3, mean with SD, unpaired t test with Welch’s 
correction). Quantification of H23 and OVCAR4 colony forming assays treated with 250nM G007-LK or 250nM TDI-012804 normalized to DMSO (n = 3, mean 
with SD, two-way ANOVA with Tukey correction). (C) Brightfield images of APC-mutant small intestinal organoids treated with DMSO, G007-LK (250nM), or 
TDI-012804 (250nM) for six days. Scale bar = 800um. (D) Dose response curve of viability of ApcQ1405X small intestinal organoids treated with G007-LK 
or TDI-012804 for six days measured using AlamarBlue (n = 3, error bars = SEM, see Supplementary Table S5 for 95% CIs). Fluorescence is normalized to 
DMSO. (E) Organoid viability of ApcQ1405X small intestinal organoids treated with G007-LK (250nM) or TDI-012804 (250nM) for 20 days measured using 
AlamarBlue (n = 3, mean with SEM, two-way ANOVA with Tukey correction). (F) Dose response curve of viability of ApcQ1405X/KrasG13D/p53Q97X small 
intestinal organoids treated with G007-LK or TDI-012804 for six days measured using AlamarBlue (n = 3-6, error bars = SEM, see Supplementary Table S5 for 
95% CIs). Fluorescence is normalized to DMSO. (G) Dose response curve of viability of ApcQ1405X/KrasG12D/p53Q97X small intestinal organoids treated 
with G007-LK or TDI-012804 for six days measured using AlamarBlue (n = 3-6, error bars = SEM, see Supplementary Table S5 for 95% CIs). Fluorescence is 
normalized to DMSO.
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suppressed ApcQ1405X/Tnks1KO organoid proliferation (EC50 
59.1nM), while Tnks1 diploid organoids were significantly 
less sensitive, showing a 19-fold increase in EC50 (1.1uM) 
(Fig 5D, fig S17). Again, Tnks1HET organoids were sensitive 
to TNKS2 inhibition, but showed a 3-fold higher EC50 
(199.6nM) compared to Tnks1KO organoids (Fig. 5D, fig. S17). 
To confirm that prolonged treatment with TDI-012804 does 
not have a cumulative detrimental effect in Tnks1WT cells, we 
treated organoids for 20 days (refreshing compound every 
2 days), measuring metabolic viability and passaging every 
4 days. Consistent with the short-term analysis, G007-LK 
showed robust suppression of organoid growth, while TDI-
021804 induced a significant reduction in proliferation in 
Tnks1KO and Tnks1HET cells, but not Tnks1WT organoids (Fig. 
5E). Finally, to determine whether TDI-012804 could suppress 
proliferation in the context of common CRC oncogenic 
mutations, we generated ApcQ1405X/KrasG13D/p53Q97X (AKP-
G13D) and ApcQ1405X/KrasG12D/p53Q97X (AKP-G12D) mutant 
intestinal organoids with or without Tnks1 loss. Mirroring 
data in ApcQ1405X mutant cultures, TDI-012804 was selectively 
toxic to Tnks1KO AKP-G12D and AKP-G13D organoids, 
compared to Tnks1WT lines (Fig. 5F-G).

DISCUSSION

WNT hyperactivation is a potent driver in many types of 
cancer and there is substantial interest in targeting the WNT 
pathway as a therapeutic strategy. However, multiple studies 
have identified significant on-target toxicity in the gut and 
bone from systemic WNT inhibition, highlighting the need 
for more tumor-selective therapies. Here, we show that loss of 
TNKS1 expression through cancer-associated chromosome 8p 
deletions creates a functional dependency on TNKS2 activity, 
which sensitizes cancer cells to TNKS2-selective inhibition. 
Further, through rational design, we develop a first-in-class 
TNKS2-selective small molecule inhibitor and show that this 
compound can selectively target TNKS1-depleted human 
cancer cells and murine organoids with APC, KRAS and p53 
mutations.

Collateral vulnerability or ‘collateral lethality’ is the 
emergence of cancer-specific dependency due to loss of large 
chromosomal regions that delete a redundant ortholog of 
a key pathway regulator (39, 40).  The first example of this 
concept was described by DePinho and colleagues, who 
showed that the homozygous loss of the distal region of 
chromosome 1p (1p36) containing Enolase1 (ENO1), makes 
glioblastomas selectively dependent on ENO2 (39). Recent 
development of an ENO2-selective inhibitor supports the 
therapeutic potential of these strategies for developing cancer-
selective treatment approaches (39, 41). Importantly, though 
the concept of collateral vulnerability was proposed based on 
homozygous deletion of a redundant ortholog, heterozygous 
ENO1 cells do show increased sensitivity to ENO2 inhibition 
(39, 41). Similarly, we show that while TNKS2 blockade is 
most effective in cells carrying homozygous TNKS1 deletions, 
heterozygous TNKS1 loss also sensitizes cells to TNKS2-
selective inhibition. This is consistent with data from earlier 
mouse genetic studies showing that while TNKS2 knockout 

mice are viable and fertile, loss of a single TNKS1 allele in 
this background is embryonic lethal (31). Together with 
data described here, these observations suggest that TNKS1 
is haploinsufficient for maintaining Tankyrase activity in the 
context of TNKS2 disruption and expands the potential scope 
of TNKS2 inhibition to cancers with 8p homozygous and 
heterozygous loss.

More than 50 Tankyrase inhibitors have been reported in the 
literature (16-18, 20-23, 32), and in almost all cases, they 
inhibit both TNKS1 and TNKS2. This is in part due to the 
high degree of structural similarity in the enzymatic domain 
of TNKS1 and TNKS2 (Fig. 2A). Through computational 
modeling, we predicted that the B-loop motif adjacent to 
the ‘acceptor’ site in TNKS2 is conformationally flexible, 
assuming structurally ordered ‘open’ and ‘closed’ loop 
conformations. Specifically, we predicted that presence of a 
Leucine residue in the TNKS2 B-loop enhances the dynamics 
of this loop relative to a tyrosine at this position in TNKS1 
which possesses stronger intramolecular interactions in the 
‘closed’ B-loop conformation. By extending a non-selective 
inhibitor scaffold through the active site to target the open 
B-loop, we developed TDI-012804 that selectively inhibits 
TNKS2. Using cryoEM, we show that binding of TDI-012804 
forces movement of this loop to an open conformation. This 
conformational change is unfavorable in the more rigid TNKS1 
B-loop, allowing for selective TNKS2 binding. A similar type 
of allosteric selectivity has previously been used successfully 
in the development of mutant KRAS inhibitors, where 
targeting the S-IIP allosteric pocket in KRASG12C was able to 
disrupt functional binding interactions (42). This method of 
allosteric binding could open many more opportunities to 
target disease-related proteins that are difficult to target or 
were previously thought undruggable.

Previous studies have shown that WNT suppression can 
induce tumor regression, indicating a significant therapeutic 
potential. However, WNT suppression is limited by dose-
limiting toxicities due to the key role of WNT signaling in 
maintaining healthy tissue (16, 17). While WNT targeted 
therapies have made little clinical progress, identifying safe 
and effective strategies to inhibit WNT would have a significant 
clinical impact. In addition to the direct targeting of WNT-
hyperactive cancers, it has been shown that modulating WNT 
signaling can improve immune-based therapies (43-45). The 
development of safe WNT therapies would also allow for WNT 
targeting to be combined with existing treatments, enabling 
the development of more precise and effective combination 
therapies. The concept and compounds described here 
represent a new step towards developing targeted WNT 
therapies.
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METHODS

Cell Lines

DLD1 [CCL-221], SW480 [CCL-228], SW1417 [CCL-238], 
and 293T [CRL-3216] cell lines were purchased from ATCC 
and cultured in DMEM supplemented with 1% Penicillin-
streptomycin and 10% fetal bovine serum. 3T3 cells [CRL-
1658] were purchased from ATCC and cultured DMEM 
supplemented with 1% Penicillin-streptomycin and 10% 
fetal calf serum. OVCAR-4 cells were purchased from Sigma-
Aldrich [SCC258] and cultured in RPMI-1640 supplemented 
with 1% Penicillin-streptomycin and 10% fetal bovine 
serum. SW403 cells were purchased from ATCC [CCL-
230] and cultured in RPMI-1640 supplemented with 1% 
Penicillin-streptomycin and 10% fetal bovine serum. PC9 
and H23 cells (a gift from Dr. Harold Varmus, Weill Cornell 
Medicine) were cultured in RPMI-1640 supplemented with 
1% Penicillin-streptomycin and 10% fetal bovine serum. 
HCC1171 cells (a gift from Dr. Gina DeNicola, Moffitt Cancer 
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Center, FL) were cultured in RPMI-1640 supplemented with 
1% Penicillin-streptomycin and 10% fetal bovine serum. 
Sf9 (Spodoptera frugiperda) insect cells were obtained from 
Expression Systems and cultured in ESF 921 supplemented 
with penicillin, streptomycin, and Amphotericin B. Cells were 
tested for mycoplasma using a Mycoplasma PCR Detection 
Kit (ABM #G238).

Cloning

The shRNA sequences were cloned into the LT3-GEPIR, 
SGEP, or SiREP vectors using restriction digest cloning. TNKS2 
cDNA was purchased from GenScript (OHu10661) and 
cloned into the SGEP vector with a 3xFLAG tag (gBlock) using 
Gibson assembly. L1136Y mutation was introduced to the 
TNKS2 cDNA using overlap PCR, and hygromycin resistance 
was introduced using restriction digest cloning. TOPFlash 
sequences were cloned into the SGEN vector using Gibson 
assembly. AXIN1-GFP reporter sequence was cloned into the 
SGEN vector, and the Kozak sequence was replaced using 
Gibson assembly. The SAM-PARP coding region of TNKS2 
(amino acids 850 -1166) was PCR amplified and cloned into a 
pFastbac expression vector featuring a N-terminal twin-strep-
MBP tag utilizing Gibson assembly. Site directed mutagenesis 
to generate the L1136Y mutant was performed through Gibson 
assembly. sgRNAs were cloned into the LRT2B vector or SFFV.
NLS-mScarlet vector. shRNA sequences, sgRNA sequences, 
and cloning primers are listed in Supplementary Table 4.

Compound Synthesis

Compounds were synthesized by WuXi AppTec. Chemical 
composition and purity was validated through 1H-NMR, 
13C-NMR, LCMS, and HRMS (See Supplementary Methods).

Lentiviral transduction

HEK-293T cells were seeded to 90% confluency one day 
prior to transfection. The cells were co-transfected with 5ug 
of plasmid DNA, 2.5ug PAX2 vector, and 1.25ug VSVg vector. 
shRNA plasmids were additionally transfected with 1.25ug 
pcSUPER-shPasha plasmid. Vectors were combined in 150ul 
DMEM with 30ul PEI and incubated at RT for 10 minutes. 
Transfection mix was incubated with the 293Ts overnight. 
Cells were then transferred to collection media, and lentiviral 
supernatants were collected at 24 and 48h following the 
change to collection media. Remaining HEK-293T cells were 
removed through centrifugation. Target cells were seeded to 
30-50% confluency. After 24h, the target cells were incubated 
overnight with diluted lentiviral supernatant mixed with 8ug/
mL polybrene. After 24h, the viral media was replaced with 
culture media. Antibiotic selection was initiated 48h following 
transduction.

Generation of TNKS1 KO cell lines

DLD1 cells were transduced with Cas9-p2a-puro and selected 
with 2ug/mL puromycin. Cas9-expressing cells were then 
transduced with an sgRNA sequence targeting TNKS1 (LRT2B 
or NLS-mScarlet) (sgRNA sequences listed in Supplementary 
Table 4) and selected with 5ug/mL blasticidin or 400ug/mL 
neomycin. Transduced cells were plated as single cells by 

limiting dilution to identify clonal lines.

Intestinal organoid isolation and culture

Mouse small intestinal organoids were isolated as described 
previously (46). Organoids were plated in basal medium 
(Advanced DMEM/F12 containing penicillin/streptomycin, 
glutamine, and HEPES) containing EGF [40 ng/ml], LDN 
[50nM LDN], RSPO1 [5% conditioned media], and Fungin 
[10ug/ml]. Organoids were maintained by passaging every 
2-3 days. To passage the organoids, the Matrigel containing 
organoids was collected in PBS. The organoids were 
mechanically separated using a P1000 pipette and washed 
with additional PBS. The organoids were spun at 1200 rpm 
for 4 minutes. The PBS was aspirated, and the organoid pellet 
was resuspended in Matrigel. After Matrigel polymerization 
(5 mins at RT, 5 mins at 37C), organoids were cultured in 
ENR media (basal medium containing EGF [40 ng/ml], LDN 
[50nM], RSPO1 [5% conditioned media]).

Crypt survival

Mice were treated with doxycycline for 2 or 3 weeks. Small 
intestinal crypts were isolated as described above and plated 
in multiple wells of a 48-well plate (40ul Matrigel / well). 
Organoids were plated in ENR media (described above) 
containing 0.5ug/mL doxycycline when indicated. ENR + 
dox media was replaced on day 2. Viable organoids were 
counted 12 hours and 4 days after plating using a brightfield 
microscope.

Organoid transfection

Prior to transfection, organoids were cultured in media 
containing CHIR99021 (5 uM) and Y-27632 (10 uM) for two 
days. Organoids were dissociated to single cells by incubating 
in 200uL TrypLE at 37C for 5 minutes, centrifuged, and 
resuspended in 600uL culture media. 2ug of DNA was mixed 
with 4uL Lipofectamine 2000 in 200uL Opti-MEM, and the 
transfection mix was combined with the organoid suspension 
in a 24-well plate. The plate was then centrifuged at 600g for 
60 minutes at 32C. Following centrifugation, the plate was 
incubated at 37C for an additional 4 hours. The organoids 
were pelleted and replated in Matrigel in media containing 
CHIR99021 (5 uM) and Y-27632 (10 uM) for 2 days to facilitate 
organoid recovery. To select for APC mutations, RSPO1 and 
LDN were removed from the media 2 days after transfection. 
To select for p53 mutations, the organoids were treated with 
Nutlin (10uM).

Organoid proliferation and viability

Organoids were plated at low density in 40ul of Matrigel in 
24-well plates and cultured in EN media (Basal media + EGF 
+ LDN, described above). Organoids were grown continually 
for 6 days in media containing DMSO or inhibitor compounds, 
with compounds replenished by changing media every 
two days. Organoid area was quantified using the Sartorius 
Incucyte S3. After 6 days of compound treatment, alamarBlue 
Cell Viability Reagent (ThermoFisher #DAL1100) was added 
to each well at a 1:10 dilution and incubated at 37C for 4 
hours. 100ul of media was transferred to a 96-well plate and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 7, 2025. ; https://doi.org/10.1101/2025.03.04.641305doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.04.641305
http://creativecommons.org/licenses/by-nc-nd/4.0/


Zimmerman et al, bioRxiv preprint

fluorescence intensity was quantified using a BMG Labtech 
Fluostar Omega microplate reader. For serial passaging 
experiments, organoids were plated at high density in 120ul 
of Matrigel each in 2 wells per condition of a 12-well plate in 
EN media containing DMSO or inhibitor compound. Media 
was changed every 2 days. Every 4 days, 100ul of alamarBlue 
was added to one well per condition and quantified as above. 
The second well was passaged 1:2 into the same condition in 
a new 12-well plate.

Western blot

700,000 cells were seeded in each well of a 6-well plate and 
incubated for 24 hours for the cells to adhere. Compounds 
were then added to the cells and incubated for 24 hours. To 
isolate protein, cells were washed in PBS and lysed in 200ul 
RIPA buffer on ice for 20 minutes. Lysates were centrifuged 
at 15,000 rpm for 10 minutes and the protein supernatant 
was stored at -80C. 20ug of protein was run per sample for 
western blot analysis. Antibodies used were anti-AXIN1 
[Cell Signaling Technology, #2087; 1:1000], anti-TNKS1/2 
[Santa Cruz Biotechnology, #sc-365897; 1:1000], anti-GFP 
[Cell Signaling Technology, #2956; 1:1000], and anti-beta 
Actin-HRP [Abcam, #ab49900; 1:10,000]. When blotting for 
TNKS1/2, cells were incubated in 1uM XAV939 for 24h prior 
to cell lysis unless otherwise indicated. Protein abundance 
was quantified using Image Lab software.

Biochemical PARylation assays

TNKS1 and TNKS2 enzymatic activity was measured using 
the BPS Bioscience TNKS1 (#80573) and TNKS2 (#80572) 
Histone Ribosylation assay kit according to the manufacturer’s 
instructions. Chemiluminescence was measured using a BMG 
Labtech Fluostar Omega microplate reader.

AXIN1-GFP flow cytometry

GFP reporter cell lines were seeded 50,000 cells per well in 
24-well plates. The cells were incubated for 24 hours to allow 
the cells to adhere prior to starting compound treatments. 
After adhering, the media was replaced with culture media 
containing inhibitor compounds. The compounds were 
diluted in DMSO at 1000x final concentration, then diluted 
1:1000 in cell culture media. The cells were treated for 24 
hours. Following this incubation, the cells were trypsinized 
in 100ul at 37C for 5 minutes, then resuspended in 300ul 
culture media containing DAPI. 300ul of the resuspension was 
transferred to a round-bottom 96-well plate and fluorescence 
was measured on a ThermoFisher Attune NxT flow cytometer. 
Results were analyzed using Flowjo software.

TOPflash assay

TOPflash expressing cell lines were seeded 15,000 cells per 
well in clear-bottom black 96-well plates. The plates were 
incubated for 24 hours to allow the cells to adhere. Following 
24 hours, the compounds were serially diluted in cell culture 
media using a multichannel pipette and replaced the media 
in the cell culture plates. Following 48 hours of compound 
treatment, firefly and renilla luciferase were analyzed using 
the BPS Bioscience Dual Luciferase (Firefly-Renilla) Assay 

System (#60683-2). The assay was performed according to the 
manufacturer’s instructions, and luminescence was recorded 
using a BMG Labtech Fluostar Omega microplate reader.

Colony Forming Assays

Cells were seeded at 1000 cells per well into 12-well plates 
and incubated for 24h for cells to adhere. Compounds were 
added to the media and were replenished every two days. 
Once colonies formed (about 16 days after compounds were 
added), the media was removed, and the cells were fixed in 
4% paraformaldehyde for one hour at RT on an orbital shaker. 
The PFA was removed, and the fixed cells were stained in a 
10% Giemsa solution in PBS overnight on an orbital shaker. 
After staining, the Giemsa solution was removed, the plates 
were washed in water, and left to dry overnight. Once dry, 
the plates were imaged using an Epson Perfection V550 Photo 
scanner. To quantify cell growth, 1mL of 10% acetic acid was 
added to each well. The plate was shaken for 20 minutes, 
and 100ul of the acetic acid solution was transferred to a 96-
well plate. Absorbance was quantified using a BMG Labtech 
Fluostar Omega microplate reader.

RNA isolation and RNA-seq

One six-well of organoids was plated per condition into EN 
media (basal medium containing EGF [40 ng/ml] and LDN 
[50nM LDN]) containing DMSO, 250nM G007-LK, or 500nM 
TDI-012804. Organoids were cultured for 3 days, with media 
replenished on the second day. The organoids were collected 
in 1mL of TRIzol (Thermo Fisher Scientific, #15596018) and 
RNA was extracted following the manufacturer’s protocol. 
DNA was removed from the isolated RNA by treating with 
DNase1 for 15 minutes followed by column purification with 
the Qiagen RNeasy kit (Qiagen #74106). RNA sequencing 
was performed by the Genomics Core Laboratory at Weill 
Cornell Medicine: the RNA quality was confirmed using a 
2100 Bioanalyzer (Agilent technologies), the RNA library 
was prepared using TruSeq Stranded mRNA Sample Library 
Preparation Kit (Illumina), and RNA-seq was performed on an 
Illumina NovaSeq 6000 with paired-end 2x100 cycles.

RNAseq analysis

Transcript abundance was estimated using Kallisto (47), 
aligned to the GRCm38 mouse reference genome. Transcript 
per million (TPM) data was reported for each gene after 
mapping gene symbols to ensemble IDs using R packages, 
“tximport”, tximportData”, “ensembldb”, and “EnsDb.
Mmusculus.v79”. Differential gene expression was estimated 
using DESeq2 (48). For data visualization and gene ranking, 
log fold changes were adjusted using lfcShrink in DESeq2, 
to minimize the effect size of poorly expressed genes. GSEA 
analysis (v3.0) was performed on pre-ranked gene sets from 
differential expression between control and treated groups. 
We used R (v3.6.1) and R Studio (v1.2.1335) to create all 
visualizations, perform hierarchical clustering and principal 
component analysis. Visualizations of RNAseq data were 
produced using Enhanced Volcano (volcano plots), pheatmap 
(heatmaps), and ggplot2 (dotplots).

Lgr5 ISH
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Freshly cut 5-micron paraffin sections were stained using 
RNAscope 2.5 LS Red kit (ACD, cat#322150) and Bond 
Polymer Refine Red Detection kit (Leica, cat#DS9390) on 
Leica Bond RX instrument following routine manufacturer 
protocol ACD 2.5 Red. RNAscope 2.5 LS probes for Ms-
LGR5 (ACD, cat# 312178). DapB-negative control (ACD, 
cat#312038) were used with hybridization at 42C for 2 hours. 
The sections were pre-treated with Leica Bond ER2 Buffer for 
20 min at 95C and Protease III (ACD, cat#322102) for 20 min 
at 40C. After staining the sections were counterstained with 
Hematoxylin and 10ug/ml DAPI for 10 min and mounted 
with Mowiol mounting media.

Sf9 insect cell protein expression

WT TNKS, TNKS2 SAM-PARP and associated mutants were 
expressed in Sf9 insect cells. Viral bacmids were generated 
using Tn7 transposition in chemically competent DH10Bac 
E. coli cells (Thermo Scientific #10361012).  Bacmids were 
purified using a Bacmid DNA miniprep kit (Zymo Research 
#D4049) and transfected into Sf9 cells using Cellfectin II 
(Thermo Scientific #10362100) to generate recombinant 
baculoviruses.  Proteins were expressed in 800 ml of Sf9 cells 
that were infected with the P2 amplified baculovirus at a cell 
density of 3x106 cells per ml. Infected Sf9 cells were incubated 
at 28ºC with mild shaking (130 rpm) until viability dropped 
to approximately 80% (typically 72 hours post infection). 
Cell pellets were collected via centrifugation at 500 g for 20 
minutes and resuspended in lysis buffer (500 mM NaCl, 20 
mM HEPES pH 7.5, 2 mM MgCl2, 5% v/v glycerol and 2 mM 
2-mercaptoethanol which was supplemented with cOmplete 
EDTA free protease inhibitor cocktail (Roche #11697498001) 
and DNase I (Worthington # LS006342).    

Protein purification

Cells, resuspended in lysis buffer, were lysed by sonication 
and centrifuged at 48,000 g to remove insoluble cell debris. 
Lysates were filtered with a 5-uM filter and loaded onto a 5-ml 
StrepTrap XT affinity column (Cytiva) using an AKTA PURE. 
Following loading of the lysate, the column was washed 
with at least 5 column volumes of wash buffer (lysis buffer 
without additional supplementation). Proteins were eluted 
by applying 5 column volumes of elution buffer consisting 
of the wash buffer supplemented with 50 mM Biotin (IBA #2-
1016-002). The eluted fractions, containing tankyrase, were 
dialyzed overnight against 500 mM NaCl, 20 mM HEPES pH 
7.5, 2 mM MgCl2, 5% v/v glycerol, 0.05 % tween-20 and 2 
mM 2-mercaptoethanol without the addition of preScission 
protease. The dialyzed samples were concentrated, 
supplemented to 20% v/v glycerol, flash-frozen in liquid 
nitrogen and stored at -80ºC. 

Cryo-EM grid preparation and data collection

3.5 uL of purified protein, at approximately 20 μM, in a buffer 
containing 150 mM NaCl, 20 mM HEPES pH 7.5, 5 % v/v 
glycerol, 0.05 % tween-20 and 2 mM 2-mercaptoethanol 
were applied onto Quantifoil Au R 1.2/1.3 400 mesh graphene 
oxide coated grids for 45 seconds in a humidity-controlled 
vitrobbot Mark IV plunge freezer (Thermo Scientific). 

Humidity was set to 95 % and temperature was set to 10ºC. 
After 45 seconds, 4 μL of a 20 mM HEPES pH 7.5 solution was 
applied to the grid and removed two times to lower the salt 
concentration, prior to blotting and vitrification. For all three 
datasets, grids were imaged using a Titan KRIOS microscope 
(Thermo Scientific) operated at 300 keV and recorded with 
a Gatan K3 camera. Micrograph movies were recorded in 
super-resolution mode (nominal pixel size 0.826 Å), using a 
total dose of ~55 electron per Å2, under an applied defocus 
ranging from -0.8 to -3.0 uM. 

Cryo-EM image processing 

For the three datasets, all processing was conducted using 
cryosparc (v4.4) (49). Movies were motion-corrected 
and binned 2x prior to patch CTF refinement. On-the-fly 
image processing utilized the blob picker particle picking 
algorithm alongside iterative 2D-classification to identify 
good segments of the TNKS filaments.  Subsequent particle 
picking was performed using the filament tracer job using the 
previously selected particles’ class averages as templates. The 
initial volume was reconstructed using cryosparc’s ab-initio 
reconstruction job in which the output was utilized to estimate 
the helical symmetry parameters using the symmetry search 
function.  Helical reconstructions were conducted using 
the helical refinement job in which the helical parameters 
converged to a helical twist of -52.4º and rise of 13.6 Å.  The 
consensus class was further optimized through iterative global 
and local CTF refinements as well as through reference-based 
motion correction as implemented in cryosparc v4.4.  Prior 
to the final refinement, the consensus class was symmetry 
expanded based on the helical and point group D1 symmetry 
and the exposure optics groups were expanded according 
to the beam image shift grouping. Subsequently, per-particle 
CTF refinement was ran prior to local refinement in C1 to 
yield the final consensus reconstruction. Local refinement 
jobs utilizing masks around the central helical unit as well 
as the most visually well-resolved point group D1 symmetry 
unit were ran to generate the maps used for model building 
and refinement. The respective maps’ local resolution was 
calculated using Bsoft and subsequently applied to generate 
a locally filtered map volume for experimental interpretation 
and model building. For all reconstructions, the global 
resolution denoted in supplementary pipelines was estimated 
based on the gold-standard Fourier shell correlation (FSC) 
0.143 criterion between two independently refined half 
maps. Data collection parameters and model statistics are 
shown in Supplementary Table 2. The processing steps for the 
three datasets are described in Supplementary figures 10-13. 

Model building and refinement

The starting model for the TNKS2 SAM-PARP protomer was 
generated by manually fitting PDB 8ALY into the central 
helical unit local refinement using ChimeraX (v 1.6) and 
removing all chains other than chain D, corresponding to 
one of the more well-resolved regions of the map. This fitted 
protomer was re-built in Coot and Isolde followed by real-
space refined in Phenix in an iterative fashion. During this 
process, the ligand if present, was fitted into the map and 
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refined  using a restraints file generated by Phenix eLBow. The 
final optimized protomer model was symmetry expanded in 
ChimeraX using either D1 symmetry alone or D1 and helical 
symmetry to generate models that fitted the local refinement 
maps and subsequently real-space refined. The respective final 
models were validated using MolProbity, as implemented in 
Phenix, in which the output validation statistics are shown in 
Supplementary Table 2. 

Computational model

All calculations were performed using the Schrodinger 
Suite (version 2019-4 to 2023-3). Free energy calculations 
were performed using the Schrodinger FEP+ method (Ref: 
Journal of the American Chemical Society (2015), 137 (7), 
2695-2703CODEN: JACSAT; ISSN:0002-7863.) with TNKS2 
structure (PDB: 3MHK). The calculations were run for 10ns 
or until they reached convergence. The ensemble docking 
model (Glide SP docking) was set up with 18 grids prepared 
from TNKS2 crystal structures with complete B-loop (3MHK, 
4HYF,4PML, 4PNL,4PNM, 4PNN, 4PNQ, 4PNS, 4PNT, 4TJU, 
4TJW, 4TJY, 4TK0, 4TK5, 4TKF, 4TKG, 4TKI), together with 
2 grids that were generated from the FEP snapshot where 
the B-loop opened during the simulation. All proteins were 
prepared using the Protein Preparation Wizard with the 
default setting. Ligands were prepared using LigPrep.

Animal Studies

All mouse treatments and experiments were approved by 
the Institutional Animal Care and Use Committee (IACUC) at 
Weill Cornell Medicine under protocol 2014-0038. Tnks1 KO 
mice were produced by the Mouse Genetics Core Facility at 
the Memorial Sloan Kettering Cancer Center through zygote 
electroporation of RNPs in C57Bl/6 mice. Mice were genotyped 
for Col1a1, R26, TGM-shRen.713, TGM-shTnks2.3004, TGM-
shTnks1/2.13-30, TGM-shTnks1/2.33-13, Tnks, Kras, and 
ApcQ1405X (Genotyping primers listed in Supplementary Table 
4). For crypt survival experiments, mice were administered 
doxycycline via food pellets (200mg/kg) for 2 or 3 weeks 
at 6-9 weeks of age. For Lgr5 ISH, mice were administered 
doxycycline via food pellets (200mg/kg) for 3 weeks at 6-9 
weeks of age.
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