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 56 

Abstract  57 

Inactivation of the adenomatous polyposis coli (APC) is common across many 58 

cancer types and serves as a critical initiating event in most sporadic colorectal cancers 59 

(CRC). APC-deficiency activates WNT signaling which remains an elusive target for 60 

cancer therapy, prompting us to apply the synthetic essentiality framework to identify 61 

druggable vulnerabilities for APC-deficient cancers. Tryptophan 2,3-dioxygenase 2 62 

(TDO2) was identified as a synthetic essential effector of APC-deficient CRC. 63 

Mechanistically, APC-deficiency results in TCF4/ β-catenin-mediated upregulation of 64 

TDO2 gene transcription. TDO2 in turn activates the Kyn-AhR pathway which increases 65 

glycolysis to drive anabolic cancer cell growth and CXCL5 secretion to recruit 66 

macrophages into the tumor microenvironment. Therapeutically, APC-deficient CRC 67 

models were susceptible to TDO2 depletion or pharmacological inhibition which 68 

impaired cancer cell proliferation and enhanced anti-tumor immune profiles. Thus, APC-69 
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deficiency activates a TCF4-TDO2-AhR-CXCL5 circuit that impacts multiple cancer 70 

hallmarks via autonomous and non-autonomous mechanisms, and illuminates a 71 

genotype-specific vulnerability in CRC. 72 

 73 

Statement of Significance (50-word limit) 74 

This study identifies critical effectors in the maintenance of APC-deficient CRC 75 

and demonstrates the relationship between APC/WNT pathway and kynurenine 76 

pathway signaling. It further determines the tumor-associated macrophage biology in 77 

APC-deficient CRC, informing genotype-specific therapeutic targets and the use of 78 

TDO2 inhibitors. 79 

 80 
Introduction 81 
 82 

CRC is the second leading cause of cancer-related death in developed countries, 83 

causing more than 600,000 deaths globally each year. The evolution of CRC from 84 

adenoma to adenocarcinoma and ultimately invasive and metastatic disease is 85 

governed by the acquisition of signature genetic alterations, most prominently 86 

inactivation of APC and p53 tumor suppressors and activation of the KRAS oncogene 87 

(1). Loss of APC is considered the critical initiating event, occurring in the vast majority 88 

(~90%) of sporadic CRC. Consistent with its gatekeeper role, ApcMin/+ mice harboring 89 

a mutated APC gene develop adenomatous polyps throughout the intestine (2). CRC 90 

mouse models have also established an essential role for APC-deficiency in tumor 91 

maintenance (3).  92 

APC loss occurs frequently across many cancer types (4-7), motivating efforts to 93 

identify key APC signaling surrogates essential for tumor maintenance. In normal cells, 94 
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APC activates glycogen synthase kinase 3β (GSK3β) which in turn phosphorylates N-95 

terminal serine/threonine residues of β-catenin, mediating β-catenin degradation 96 

through ubiquitination. Thus, APC-deficient cancers accumulate β-catenin which then 97 

translocates to the nucleus to bind and de-repress the T cell factor/lymphoid enhancer 98 

factor (TCF/LEF) transcription factor complex (8), enabling activation of the canonical 99 

WNT signaling network.  100 

Despite its importance in cancer, the therapeutic targeting of this WNT/APC 101 

signaling cascade remains an elusive goal for cancer therapy. Currently, agents 102 

targeting WNT pathway include inhibitors of WNT ligands, β-catenin degrading complex, 103 

TCF/LEF, and Notch and Sonic Hedgehog signaling which crosstalk with WNT. To date, 104 

these WNT targeting programs have yet to produce meaningful clinical results, 105 

motivating us to adopt an orthogonal strategy to identify key downstream effectors of 106 

APC-deficiency needed for tumor maintenance. To that end, we adopted the synthetic 107 

essentiality (SE) approach which begins with a search for genes that can be 108 

occasionally mutated/deleted in cancers but are never or rarely deleted in cancers 109 

harboring loss of a specific tumor suppressor gene. These mutually exclusive patterns 110 

in the cancer genome might merely belie an epistatic relationship or indicate that the SE 111 

gene serves as an essential effector of the specific tumor suppressor gene deficiency in 112 

supporting tumorigenesis.  The first validated example of SE was chromatin helicase 113 

DNA-binding factor (CHD1) which serves as an essential effector of PTEN-deficiency in 114 

prostate and breast cancers (9).   115 

In the current study, the SE approach (10) identified Tryptophan 2,3-dioxygenase 116 

2 (TDO2) as a key downstream effector specifically in APC-deficient CRC. TDO2 117 
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mediates the first and rate-limiting step of the kynurenine pathway (KP), the major 118 

tryptophan (Trp) catabolism pathway in mammals and converts Trp into N-119 

formylkynurenine (Kyn). TDO2 is highly expressed and constitutively active in diverse 120 

cancers, which results in the accumulation of Kyn in the tumor microenvironment (TME) 121 

to suppress anti-tumor immunity. Trp depletion and Kyn accumulation promote 122 

differentiation of monocytes into immunosuppressive tumor-associated macrophages 123 

(TAMs) and inhibit T cell proliferation/activation (11). TDO2-Kyn also mediates cancer 124 

cell intrinsic pathways through Kyn action as an agonist for aryl hydrocarbon receptor 125 

(AhR) which upregulates pro-tumorigenic genes in glioblastoma and triple-negative 126 

breast cancer (12, 13). However, the genotypic context in which TDO2 (and by 127 

extension other KP enzymes, IDO1 and IDO2) might serve critical rate-limiting roles in 128 

specific cancers is not known. Our studies establish that the TDO2-Kyn-AhR axis 129 

serves a critical role in promoting APC-deficient tumor growth via cancer cell 130 

autonomous (metabolism and proliferation) and non-autonomous mechanisms (tumor 131 

immunity).   132 

 133 

Results 134 
 135 

Identification of TDO2 as a downstream effector for APC deficiency in 136 

cancer. To identify synthetic essential effectors of APC-deficiency, we first searched for 137 

genes showing mutually exclusive mutation/deletion patterns with APC in The Cancer 138 

Genome Atlas (TCGA) database (Supplementary Table S1). To overcome the limitation 139 

that only a small fraction of CRC cases are intact for APC, we conducted a pan-cancer 140 

analysis that showed consistent retention of TDO2 in APC deleted/mutated cancers 141 
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including CRC, breast cancer, prostate cancer, lung cancer, head and neck squamous 142 

cell carcinoma and sarcoma (Supplementary Fig. S1A). Recognizing the limited sample 143 

size and low frequency of these genomic events, we triangulated these genomic results 144 

with (i) hits from genome wide loss-of-function screens designed to identify genes that 145 

are consistently retained in cancer cells bearing APC loss-of-function mutations (14) 146 

and (ii) unbiased transcriptomic analyses to identify genes with positive correlations of 147 

WNT pathway activation signature (15) and 148 

HALLMARK_WNT_BETA_CATENIN_SIGNALING (16). These intersections yielded 5 149 

potential SE genes for APC-deficient tumors (TDO2, C3, MAFB, CAB39L, PPFIA2) with 150 

TDO2 as the top hit (Fig. 1A).   151 

Analysis of human TCGA CRC datasets (COAD and READ) revealed that TDO2 152 

gene expression indeed correlated positively with WNT pathway activation (Fig. 1B and 153 

Supplementary Fig. S1, B-D). Correspondingly, tumor microarray analysis of human 154 

CRC samples showed coincident increased signal for TDO2 and for nuclear β-catenin 155 

and c-Myc, which are indicative of WNT pathway activation (Fig. 1C and D, 156 

Supplementary Fig. S1, E-H). In murine models, CRC tumors of iAP mice 157 

(APCmut/TP53mut) and iKAP mice (inducible Krasmut with APCmut/TP53mut) (17) showed 158 

that TDO2 expression tracks closely with β-catenin and Ki67 signals in tumors (Fig. 1E 159 

and Supplementary Fig. S1I). Finally, ApcMin/+ organoids and RISPR/Cas9-mediated 160 

APC-KO organoids showed significantly increased TDO2 expression compared to APC-161 

WT organoids (Fig. 1, F and G).  162 

In contrast, another KP enzyme, IDO1, did not exhibit mutual exclusive patterns 163 

with APC and CTNNB1 mutations in TCGA CRC nor correlate with WNT pathway 164 
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activation. IDO2 expression exhibited a correlation with WNT signaling, although its 165 

baseline expression level was extremely low (Supplementary Fig. S1, J-L). Collectively, 166 

APC-deficiency correlates with increased TDO2 expression in normal and malignant 167 

intestinal epithelium in humans and mice. 168 

APC-deficiency upregulates TDO2 expression via TCF4. Increased TDO2 169 

mRNA levels upon APC deletion in isogenic cells (Fig 2, A and B, Supplementary Fig. 170 

S2A) prompted examination of the human and mouse TDO2 gene promoter region for 171 

transcription factors using JASPAR and ECR Browser transcription factor binding profile 172 

databases. A conserved WNT pathway transcription factor binding element for 173 

TCF4/TCF7L2 was identified immediately upstream of the human and mouse TDO2 174 

transcription start sites (Fig. 2C). ChIP-seq confirmed TCF4 binding in the TDO2 175 

promoter of APC-KO but not APC-WT MC38 cells (Fig. 2D). In the human APC-null 176 

DLD1 cell line, ChIP-PCR also documented TCF4 binding to the promoters of TDO2 177 

and the classical WNT target genes AXIN2 and MYC, but not GAPDH promoter which 178 

served as a negative control (Fig. 2E). Furthermore, a luciferase reporter driven by the 179 

human TDO2 promoter showed increased reporter activity upon transduction of 180 

constitutively active β-catenin (CTNNB1 Δ90), which mimics WNT pathway activation 181 

(Fig. 2F). Conversely, dominant-negative TCF4 expression or TCF4 binding motif 182 

mutation abrogated reporter activity (Fig. 2, G and H). Finally, TCF4 depletion or WNT 183 

inhibitor XAV-939 treatment, which destabilizes β-catenin, decreased TDO2 levels in 184 

multiple independent WNT-activated cells (Fig. 2I, Supplementary Fig.  S2, B-I). Thus, 185 

APC loss activates WNT-β-catenin resulting in TCF4-mediated upregulation of TDO2 186 

gene transcription.  187 
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TDO2 depletion specifically impairs the growth and survival of APC/WNT-188 

mutated CRC cells. To assess TDO2 essentiality as a function of APC status, the 189 

biological impact of TDO2 depletion or pharmacological inhibition was tested across 190 

multiple murine and human models.  Using validated shRNAs (Supplementary Fig. S3A), 191 

TDO2 depletion had no impact on colony formation of human APC-WT RKO cells yet 192 

impaired colony formation of isogenic CRISPR/Cas9-generated APC-null RKO controls 193 

(Supplementary Fig. S3, B and C). Similarly, multiple human APC/CTNNB1-mutant 194 

CRC lines (DLD1, LS180, HT-29, Caco-2) (Supplementary Fig. S3D) showed markedly 195 

reduced colony formation upon TDO2 depletion (Supplementary Fig. S3, B and C). 196 

Correspondingly, TDO2-specific inhibitor 680C91 (18) treatment impaired the growth 197 

and survival of APC-deficient but not APC-WT cancer cells including primary CCD-841-198 

CoN colon epithelial cells (Supplementary Fig. S3, E and F). In murine cell models, both 199 

TDO2 depletion and pharmacological inhibition impaired the growth and cell death of 200 

APC-null MC38 cells but not the parental APC-WT controls (Fig. 3, A-C, Supplementary 201 

Fig. S3, G-I). Similarly, shRNA-mediated TDO2 depletion in cultured ApcMin/+ intestinal 202 

organoids induced cell death and pharmacological inhibition of TDO2 induced inhibited 203 

the growth APC-KO intestinal organoids, but not APC-WT controls (Fig. 3, D and E). 204 

In tumor models, TDO2 depletion decreased growth of orthotopic APC-null RKO 205 

tumors in immune deficient NSG mice (Supplementary Fig. S4A). Similarly, TDO2 206 

depletion decreased growth of APC-null DLD-1 tumors which was rescued by enforced 207 

expression of a hairpin-resistant TDO2 ORF (Supplementary Fig. S4B). Pathological 208 

analysis of these TDO2-depleted tumors revealed decreased cancer cell proliferation 209 

(Ki67) and increased apoptosis (cleaved Caspase-3), indicating that TDO2 drives these 210 
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 10

cancer cell-intrinsic hallmarks (Supplementary Fig. S4, C and D). Similarly, using 211 

immune competent mice, TDO2 depletion impaired orthotopic tumor growth, decreased 212 

cancer cell proliferation, and increased cancer cell apoptosis (Fig. 3F, Supplementary 213 

S4, E and F), and resulted in prolonged overall survival specifically in murine APC-KO 214 

MC38, but not APC-WT controls (Fig. 3G). In immune-deficient mice, APC-KO MC38 215 

tumor produced similar survival curves to those in immune competent mice but showed 216 

reduced survival benefit from induction of TDO2 depletion, consistent with cancer cell 217 

intrinsic and immune modulatory roles for TDO2 specifically in APC-null cancers 218 

(Supplementary Fig. S4G).  219 

The recent failure of the IDO inhibitors in CRC trials (19) prompted us to compare 220 

the impact of TDO2 and IDO inhibition in our model system. The recently developed 221 

validated TDO2 inhibitor PF06845102/EOS200809 (20) was administrated by oral 222 

gavage to mice bearing APC-WT or APC-KO MC38 orthotopic tumors. TDO2 inhibitor 223 

treatment improved the survival of mice bearing APC-KO MC38 tumors but not APC-224 

WT controls (Fig. 3H). Histopathology showed that TDO2 inhibitor treatment decreased 225 

Ki67 and increased cleaved caspase-3 signals specifically in the APC-KO MC38 tumors 226 

(Supplementary Fig. S4H). Consistent with the IDO inhibitor failures, the IDO inhibitor, 227 

Epacadostat, did not exhibit anti-tumor activity in mice bearing either APC-WT or APC-228 

KO MC38 CRC orthotopic tumors (Supplementary Fig. S4I). Finally, we confirmed the 229 

survival benefit of TDO2 inhibitor treatment in autochthonous established tumors arising 230 

in the iAP mouse model of CRC. Specifically, tumor-bearing iAP mice, treated with 231 

TDO2 inhibitor three weeks following OHT-injection into the colon wall, showed 232 
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significant survival benefit compared to vehicle-treated mice (Fig. 3I). Together, these 233 

data support the view that TDO2 supports tumor growth specifically in APC-null CRC. 234 

TDO2-Kyn-AhR axis supports APC-deficient cancer cell proliferation, 235 

survival and tumorigenic potential.  As noted, TDO2 metabolizes Trp to produce Kyn 236 

which in turn activates AhR to upregulate genes governing myriad cellular functions. 237 

GSEA of isogenic APC-KO and APC-WT MC38 cell lines showed that Dox-induction of 238 

inducible shTDO2 decreased signatures of tryptophan metabolism as well as xenobiotic 239 

metabolism, patterns consistent with the main functions of the AhR pathway 240 

(Supplementary Fig. S5A). Correspondingly, expression of AhR and its target gene 241 

CYP1B1 correlated positively with TDO2 levels in TCGA COAD dataset (Supplementary 242 

Fig. S5B). CRC tumors from iAP and iKAP also showed that AhR expression strongly 243 

tracks with nuclear β-catenin and Ki67 (Supplementary Fig. S5C). Moreover, the APC-244 

KP connection was verified in the APC-KO MC38 model system via ELISA which 245 

documented elevated Kyn secretion relative to APC-WT controls (Supplementary Fig. 246 

S5D) and TDO2 depletion in APC-KO cells and ApcMin/+ organoids reduced Kyn levels 247 

(Supplementary Fig. S5, D and E). Finally, gene expression analysis showed 248 

upregulated AhR and its downstream genes in APC-KO MC38 cells compared to APC-249 

WT MC38 cells, which was reversed upon TDO2 depletion in APC-KO MC38 cells and 250 

DLD1 cell lines (Supplementary Fig. S5, F and G).  251 

To validate Kyn and AhR in mediating TDO2-regulated biology, we assayed the 252 

impact of Kyn treatment or AhR depletion in colony formation assays using the APC-KO 253 

MC38 ishTDO2 cell lines and APC-KO MC38 shAhR cell lines. In APC-KO MC38 cells, 254 

reduced colony formation upon induction of TDO2 depletion or pharmacological 255 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-21-0680/3128529/cd-21-0680.pdf by M

D
 AN

D
ER

SO
N

 H
O

SPITAL user on 25 M
ay 2022



 12

inhibition (680C91) was partially rescued by Kyn treatment (Supplementary Fig. S5, H-256 

L). In the iKAP model system, Kyn treatment also decreased 680C91-induced cell death 257 

(Supplementary Fig. S5M). Finally, AhR depletion in APC-KO MC38 tumors resulted in 258 

increased survival with corresponding decreased proliferation (Ki67) and survival 259 

(Caspase-3) in the cancer cells (Supplementary Fig. S5, N and O). Together, these 260 

findings are consistent with a key role for Kyn and AhR as mediators of TDO2 in APC-261 

null cancer cell proliferation, survival, and tumorigenic potential.  262 

TDO2 promotes cancer cell glycolysis and tumor associated macrophage 263 

recruitment. To discern the cancer hallmarks regulated by TDO2, GSEA was 264 

conducted on APC-KO MC38 cell lines and derivative tumors following TDO2 depletion. 265 

Consistent with known cancer cell intrinsic functions of the APC/WNT pathway (21), 266 

hypoxia and glycolysis pathways were up-regulated in APC-KO cells (Fig. 4A and 267 

Supplementary Fig. S6A). Correspondingly, APC-KO MC38 cells exhibited higher 268 

sensitivity to the GLUT1 inhibitor, STF-31, than APC-WT controls (Supplementary Fig. 269 

S6B) and showed increased glucose uptake and lactate secretion, which were reversed 270 

by TDO2 depletion (Supplementary Fig. S6, C and D). Glycolytic flux Seahorse analysis 271 

showed that enforced TDO2 expression increased the key parameters of glycolytic flux 272 

which are glycolysis, glycolytic capacity, glycolytic reserve, as well as non-glycolytic 273 

acidification, relative to the MC38 empty vector controls, reinforcing the role of TDO2 in 274 

promoting glycolysis (Supplementary Fig. S6, E-G). Metabolite analysis of cell lysates 275 

and conditioned media from APC-KO MC38 cells showed decreased levels of glycolysis 276 

pathway-related metabolites upon TDO2 depletion (Supplementary Fig. S6H). To 277 

reinforce the link between TDO2 and the regulation of metabolic pathways, we 278 
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examined multiple elements in the GCN2 and mTOR pathways in MC38 APC-WT and 279 

APC-KO cells containing an inducible shTDO2 construct. APC deletion increased the 280 

level of phosphorylated eIF2, and this increase was reversed upon TDO2 depletion in 281 

APC null cells. In addition, TDO2 depletion decreased phosphorylated mTOR, only in 282 

the APC null cells (Supplementary Fig. S6I). Finally, RT-PCR analysis confirmed up-283 

regulation of key glycolysis genes (SLC2A1, HK1/2, and PFKL), which were down-284 

regulated upon TDO2 or AhR depletion (Supplementary Fig. S6, J and K). Together, 285 

these experimental data show that TDO2-AhR signaling plays a key role in promoting 286 

cancer cell glycolysis.   287 

In addition to cancer cell-intrinsic processes, we observed that APC status (APC-288 

KO versus APC-WT MC38) or TDO2 depletion in APC-deficient cancer cells and tumors 289 

resulted in prominent representation of immune signaling signatures such as TNFA 290 

signaling, inflammatory response, IL-6_JAK_STAT, allograft rejection, and complement 291 

(Fig. 4, A and B). These in silico observations prompted immunoprofiling of orthotopic 292 

tumors generated from isogenic APC-KO and APC-WT MC38 cells with and without 293 

TDO2 depletion. viSNE plots of CyTOF data showed that APC deficiency resulted in 294 

significantly increased macrophage abundance, which decreased upon TDO2 depletion 295 

(Fig. 4C). Polyps in ApcMin/+ mice also showed increased F4/80+ macrophage infiltration 296 

(Supplementary Fig. S7A).  Quantification of CD11b+F4/80+ macrophages and 297 

CD11b+F4/80+ CD206high M2-like macrophages in CD45-positive population confirmed 298 

enrichment of macrophages in APC-KO tumors and their reduction upon TDO2 299 

depletion (Fig. 4D). Immunohistochemistry staining of F4/80 and CD163 in these tumors, 300 

as well as the orthotopic tumors treated with TDO2 inhibitor PF06845102/EOS200809, 301 
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aligned with the aforementioned CyTOF data (Supplementary Fig. S7, B and C). In 302 

contrast, Epacadostat treatment did not increase infiltration of total and M2-like 303 

macrophages. (Supplementary Fig. S7C). Comparative transcriptomic analysis of TAMs 304 

isolated from APC-WT and APC-KO MC38 tumors express higher levels of multiple 305 

classical M2-like markers (CD163, CCL22, YM1) compared to APC-WT tumors 306 

(Supplementary Fig. S7, D and E). Interestingly, IHC analysis of APC-WT and APC-KO 307 

MC38 tumors confirmed that (i) loss of APC results in decreased CD8-positive cells, (ii) 308 

TDO2 inhibition increased the number of infiltrating CD8-positive cells in APC-KO 309 

tumors relative to APC-WT controls, and (iii) IDO inhibition is unable to increase CD8-310 

positive cells in the APC-KO tumors (Supplementary Fig. S7F). Evaluation of the activity 311 

state of CD8+ T cells in APC-WT and APC-KO MC38 tumors by immune-co-staining of 312 

CD8 and activation marker granzyme B showed higher number of activated T cells in 313 

APC-KO MC38 tumors compared to APC-WT tumors (Supplementary Fig. S7G). 314 

To corroborate TDO2-mediated TME modulation, TCGA CRC datasets were 315 

examined for expression of macrophage (total and M2) as well as Tregs and MDSC 316 

markers, revealing strong positive correlations between the degree of WNT activation 317 

and TDO2 expression levels (Fig. 4E and Supplementary Fig. S7, H and I). This WNT-318 

macrophage correlation was further validated by human CRC tumor microarray (TMA) 319 

analyses which showed that cancer cells with nuclear β-catenin signal exhibited higher 320 

CD163 expression in the TME (Fig. 4, F and G). Together, these findings support the 321 

model that activated WNT-driven upregulation of TDO2 expression in turn activates the 322 

AhR network which functions to recruit immune suppressive TAMs into the TME. 323 
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TDO2-AhR-CXCL5 promotes tumor growth by recruiting TAMs into the CRC 324 

TME. To identify WNT-TDO2-AhR-regulated factors that may recruit TAMs, we 325 

performed cytokine array profiling of conditioned media (CM) from APC-KO MC38 326 

ishTDO2 cells. Induction of TDO2 depletion reduced secretion of classical macrophage 327 

cytokines including G-CSF, GM-CSF, CXCL2 (Supplementary Fig. S8A) and other 328 

cytokines (see below). Correspondingly, transwell migration assays using bone marrow-329 

derived macrophages (BMDM) showed that CM from APC-KO MC38 ishTDO2 cultures 330 

increased macrophage migration which was nullified upon TDO2 depletion 331 

(Supplementary Fig. S8, B and C).  332 

Next, to more fully vet the most highly regulated cytokines in our system, we 333 

identified and qRT-PCR validated the top ranked genes in the RNA-seq dataset and 334 

found that CXCL5, CXCL7 (PPBP), CSF3 (G-CSF), CXCR2, CXCL2, CXCL10, CCL2, 335 

and CXCL1 showed the most significant expression changes associated APC deletion 336 

or TDO2 depletion (Fig. 5A). To further identify the target cytokines of TDO2, cell lines 337 

that express ORFs of the top three genes from RNA-seq data -- CXCL5, CXCL7 338 

(PPBP), and CSF3 -- were generated in APC-KO MC38 ishTDO2 cells and monitored 339 

for tumor growth to identify genes that rescue the impaired proliferation by TDO2 340 

knockdown. Enforced expression of CXCL5, which showed the highest fold changes, 341 

was most active in rescuing the decreased tumor growth mediated by TDO2 depletion 342 

(Fig. 5B). Moreover, CyTOF analysis of CXCL5-overexpressing APC-KO tumors 343 

showed increased TAMs in the presence of shTDO2 (Fig. 5, C-E).  344 

Migration assays showed rescue of macrophage recruitment when CM from 345 

APC-KO TDO2-depleted MC38 cells was supplemented with CXCL5 whereas co-346 
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treatment with CXCR1/2 inhibitor (SX-682), to which CXCL5 binds, abrogated the 347 

rescue by CXCL5 supplementation (Fig. 5F). In addition, AhR inhibitor treatment 348 

(CH223191) profoundly decreased CXCL5 expression in APC-KO MC38 cells 349 

(Supplementary Fig. S8D). Moreover, BMDMs co-cultured with Kyn or CXCL5 showed 350 

increased M2 macrophage marker expression, supporting a role for the TDO2-AhR axis 351 

in promoting TAM polarization (Supplementary Fig. S8E).  352 

Immunohistochemical analysis of macrophage markers showed increased 353 

infiltration of macrophages in tumors with enforced CXCL5 expression (Supplementary 354 

Fig. S8F). To validate the roles of CXCL5 in promoting tumor growth in vivo, we co-355 

injected CT26 cell line and Raw 264.7 macrophage cells that were pre-treated with 356 

recombinant CXCL5 proteins and CXCL5-treated macrophages promoted the growth of 357 

CT26 significantly (Supplementary Fig. S8G). Finally, allograft mice with APC-KO MC38 358 

cells showed increased survival upon TDO2 or macrophage depletion (Fig. 5G). CXCL5 359 

overexpression in APC-KO MC38 cell lines significantly shortened the survival of mice, 360 

which was reversed by depleting macrophages (Fig. 5G). APC-KO MC38 cells treated 361 

with anti-CXCL5 neutralizing antibody also showed prolonged survival (Supplementary 362 

Fig. S8H).  363 

To further validate the relationship between the TDO2-AhR-CXCL5 axis and 364 

TAM abundance in human CRC, TCGA CRC (COAD and READ) dataset was clustered 365 

based on CXCL5 expression and analyzed for immune populations. These analyses 366 

revealed that TAM abundance correlated positively with high CXCL5 expression 367 

(Supplementary Fig. S8, I and J). In addition, CXCL5 expression correlated positively 368 

with increased tryptophan metabolism (TDO2 as top pathway signature gene) and 369 
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xenobiotic metabolism in TCGA CRC (Supplementary Fig. S8, K-M). Together, these 370 

data establish that TDO2-AhR signaling upregulates CXCL5 which recruits TAMs to 371 

promote tumor growth; conversely, neutralization of the TDO2-AhR-CXCL5 pathway is 372 

a validated anti-tumor strategy in APC null CRC.   373 

 374 

Discussion 375 

In this study, we identified TDO2 as a synthetic essential effector in the 376 

maintenance of APC-deficient cancers.  Increased TDO2 activates the kynurenine 377 

pathway (KP) to generate excessive Kyn, which activates AhR network. Genetic and 378 

pharmacological interventions established that this TDO2-Kyn-AhR axis increases APC-379 

deficient CRC cancer cell glycolysis, promotes cancer cell proliferation and survival, and 380 

upregulates CXCL5 to recruit TAMs into the TME (Fig. 6). In preclinical models, APC-381 

deficient CRC exhibited hypersensitivity to TDO2 inhibition, but not to the IDO1 inhibitor, 382 

providing a responder hypothesis for further testing of these immune-modulatory agents 383 

in CRC clinical trials. Importantly, iAP mice, engineered with conditional null alleles of 384 

APC and TP53, were induced to develop CRC; subsequent administration of a TDO2 385 

inhibitor increased survival. Together with correlative clinico-pathological profiles of 386 

human CRC, these experimental findings establish TDO2 as a potential therapeutic 387 

target for APC-null CRC.  388 

Recent studies have revealed TDO2 overexpression in multiple cancer types and 389 

its role in facilitating tumorigenic signaling via KP (12, 22, 23). Another key KP enzyme, 390 

IDO1, is also highly expressed in various tumors and is known to suppress anti-tumor 391 

immunity. However, these functionally related KP enzymes, IDO1 and TDO2, appear to 392 
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operate in non-redundant, context-specific settings and are differentially regulated. 393 

Specifically, AhR can regulate IDO1, but not TDO2, expression (24). In contrast, 394 

transcriptional regulatory mechanisms governing TDO2, but not IDO1, expression 395 

include hemes and glucocorticoid hormones (25), as well as the WNT transcription 396 

factor TCF4 specifically in APC-deficient CRC cells (this study).  397 

With respect to tumor biology, the TDO2-Kyn-AhR axis regulates glycolysis as a 398 

cancer cell intrinsic mechanism, a finding that aligns with previous work showing AhR-399 

mediated regulation of metabolism genes controlling lipid and cholesterol synthesis (26). 400 

In APC-deficient CRC, we further document that AhR also regulates glucose uptake and 401 

overall glycolytic flux by modulating multiple glycolysis genes including SLC2A1, HK1/2, 402 

PFKL, LDHA, and ALDOA. Experimentally, TDO2 or AhR depletion resulted in 403 

downregulation of these metabolic genes and anabolic processes in APC-deficient 404 

cancer cells. In addition to metabolism, KP and AhR signaling is also known to regulate 405 

immunity in both physiological and pathological conditions. In mice, AhR plays a critical 406 

role in the maintenance and function of innate T cells in the gastrointestinal tract (27). In 407 

stress conditions, mice with whole body knockout of AhR exhibit impaired differentiation 408 

and function of T helper 17 cells and regulatory T cells to environmental toxins (28). In 409 

cancer, previous studies support both pro- and anti-tumorigenic roles for AhR. Whole 410 

body knockout of AhR in ApcMin/+ mice causes increased cecal tumors (29), 411 

underscoring the highly context-specific actions of AhR in cancer. Further study is 412 

needed to define AhR actions in this setting which may relate to non-ligand dependent 413 

roles of AhR such as degradation of β-catenin, effects of AhR on non-cancer cell types, 414 

tissue-specific biology and/or presence of additional oncogenic mutations. In different 415 
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cancer types, regulatory mechanisms for AhR by its modulators such as ARNT, HSP90, 416 

XAP2, diverse agonists/antagonists, and direct immune modifying roles of AhR both in 417 

cancer cells and immune cells could further account for its contrasting impact on cancer. 418 

In contrast to the impact of AhR deletion in the ApcMin/+ model, multiple reinforcing lines 419 

of evidence establish the newly identified APC-TCF4-TDO2-AhR pathway in driving 420 

cancer cell intrinsic and tumor microenvironmental processes to maintain APC-deficient 421 

CRC tumors.  422 

With respect to translational relevance, our human CRC profiles mirrored our 423 

murine findings, showing positive correlation between TAM abundance and TDO2 424 

expression levels. Pro-tumorigenic TAMs are known to support tumor progression and 425 

limit the efficacy of immunotherapy (30, 31). In glioblastoma, Kyn produced by glioma 426 

cells has been shown to recruit TAMs by binding to AhR and promote CD8 T cell 427 

dysfunction via expression CD39 in TAMs (32). Our TDO2 and IDO1 inhibitor study also 428 

highlights the context-specific TAM biology by the TDO2 inhibitor in APC-deficient 429 

MC38 tumors. In a recent clinical trial in melanoma targeting IDO1 with Epacadostat in 430 

combination with anti-PD1 antibody (ECHO-301), the basis for failure may relate to 431 

upregulation of IDO1 expression provoked by immune checkpoint blockade, BRAF 432 

inhibitors, or chemotherapy, resulting in inadequate target inhibition with the selected 433 

dosing of IDO1 inhibitor (33). IDO1 inhibitor studies also showed that cancer cells 434 

upregulate ABC transporters which might further reduce the availability of IDO1 inhibitor 435 

in the TME (34). Given the frequent co-expression of IDO1 and TDO2 in melanoma (19), 436 

our study also encourages the assessment of ECHO-301 post-treatment specimens 437 

which includes activation of WNT / β-catenin signaling, APC status, intratumoral Kyn 438 
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concentration, and expression of TDO2 and CXCL5. Functional redundancies between 439 

IDO1 and TDO2 may also reveal a possible compensatory mechanism involving TDO2 440 

upregulation which would serve to sustain the Trp metabolism and KP-AhR pathway 441 

despite IDO1 inhibition. Encouragingly, however, we did not observe compensation by 442 

IDO1 upon TDO2 depletion, further underscoring the importance of understanding the 443 

common and distinct tumorigenic roles of IDO1 versus TDO2 and the genotypic context 444 

in which they operate in order to rationalize dual inhibition of IDO1/TDO2 and/or 445 

inhibition of downstream effectors such as CXCL5 (33). In conclusion, the identification 446 

of TDO2 as a synthetic essential effector of APC-deficiency in CRC may serve as a 447 

promising precision treatment for this intractable cancer. 448 

 449 

Materials and Methods 450 

Mice 451 

Mice were grouped by 5 animals in large plastic cages and were maintained under 452 

pathogen-free conditions. All animal experiments were performed with the approval of 453 

MD Anderson Cancer Center’s Institutional Animal Care and Use Committee (IACUC). 454 

ApcMin/+, NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, RRID:IMSR_JAX:005557), and 455 

C57BL/6J (RRID:IMSR_JAX:000664) mice were purchased from Jackson laboratory 456 

(Stock No: 005557, 000664, 000651). Colorectal orthotopic xenograft tumor models 457 

were established following a previously published protocol (35). After orthotopic 458 

injection of cells, mice that exhibited successful tumor formation were randomized 459 

before starting Dox, antibody, or inhibitor treatment for each cell line. 460 
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iAP mice were established as described by Boutin et al. (17). Briefly, the tamoxifen-461 

inducible Villin-Cre-ERT2 allele was crossed with the Apc Lox allele and the Tp53 Lox 462 

allele and backcrossed to C57BL/6. Cre expression driven by the Villin promoter was 463 

detected throughout the gastrointestinal tract. To limit Cre activity to the colon, we used 464 

the tamoxifen-inducible Villin-Cre-ERT2 and delivered tamoxifen directly to the colon by 465 

injecting 4-OTH into the distal colon. Sample size was determined based on previous 466 

similar experiments performed in our lab. 467 

 468 

Cell Culture 469 

The CRC cell lines MC38 (RRID:CVCL_B288) and its isogenic cells, as well as 470 

BMDM and HEK 293T (RRID:CVCL_0063) cells were cultured in Dulbecco's Modified 471 

Eagle's Medium (DMEM). CCD-841-CoN (ATCC Cat# CRL-1790, RRID:CVCL_2871), 472 

RKO (RRID:CVCL_0504), HT-29 (RRID:CVCL_0320), Caco-2 (RRID:CVCL_0025) and 473 

LS180 (RRID:CVCL_0397) cells were cultured in Eagle's Minimum Essential Medium 474 

(EMEM). HT-29 cells were cultured in McCoy’s 5A medium. DLD-1 (RRID:CVCL_0248), 475 

CT26 (RRID:CVCL_7256), and Raw264.7 macrophage cell lines (RRID:CVCL_0493) 476 

were cultured in RPMI 1640 medium (RPMI). All cell lines were cultured in indicated 477 

medium containing 10% Tet System Approved FBS (Clontech) and 100 U/ml 478 

ampicillin/penicillin. All human cell lines have been validated through fingerprinting by 479 

the MD Anderson Cell Line Core Facility. All cells were confirmed to be mycoplasma-480 

free and maintained at 37 °C and 5% CO2. BMDMs from C57BL/6 mice 481 

(RRID:IMSR_JAX:000664) were cultured as previously described (36). Conditioned 482 

media were collected from treated or untreated cells as indicated after culturing for 24 h 483 
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in FBS-free culture medium. Inducible shTDO2 MC38 cell lines were treated with 1 µM 484 

of Doxycycline (Sigma-Aldrich, Cat# D9891) for indicated periods to induce TDO2 485 

knockdown. Inhibitors and supplements used included CH223191 (Sigma-Aldrich, Cat# 486 

C8124, CAS: 301326-22-7), XAV-939 (Selleck Chemicals, Cat# S1180, CAS: 487 

284028-89-3), recombinant mouse CXCL5 (LIX) (R&D Systems, Cat# 433-MC-025), L-488 

Kynurenine,>=98% (HPLC) (Sigma-Aldrich, Cat# K8625). 489 

 490 

CRISPR-Cas9 Transfection 491 

sgRNA plasmids targeting the human APC gene (Cat# sc-400374) were purchased 492 

from Santa Cruz Biotechnology. For the mouse APC gene, a sgRNA target sequence of 493 

TTGAGCGTAGTTTCACTCCG was cloned into pCas-Guide-EF1a-GFP plasmids 494 

(Origene Technologies, Inc., Cat# GE100018). Human RKO and mouse MC38 cells 495 

were maintained in 6-well plates to 70-80% confluency in culture media supplemented 496 

with 10% heat-inactivated FBS and 100 U/ml ampicillin/penicillin. The plasmids with 497 

sgRNA were transiently transfected into cells using Lipofectamine 2000 according to the 498 

manufactory protocol. Cells were harvested 72 h later, and GFP-positive cells were 499 

sorted into each well of a 96-well plate as single cells by flow cytometry. At day 10 after 500 

cell sorting, the grown cell colonies were expanded in 24-well plates. Knock-out of the 501 

APC gene in each colony was confirmed by RT-PCR and western blot for APC and β-502 

catenin.  503 

 504 

Mouse Colon Organoid Culture and Genome Engineering 505 
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To isolate colonic crypts for organoid culture, a 2-cm piece of distal large 506 

intestine was incubated in PBS containing 5 mM EDTA and 0.2% FBS at 4°C for 45 min 507 

on a shaker. Incubated colon pieces were shaken vigorously to release crypts. Crypts 508 

were washed and spun down sequentially at 300 x g, 200 x g, and 100 x g to enrich for 509 

intact crypts. Crypts were resuspended in Matrigel and plated in 24-well plates 510 

containing 50 uL Matrigel per well.  Organoid culture medium (500 uL) containing Wnt3a, 511 

R-spondin, Noggin, and EGF was added and changed every 2 days. 512 

Knockout of APC was performed via transient transfection of a plasmid 513 

expressing Cas9 and an sgRNA targeting APC (APC sgRNA-LentiCRISPRv2; sgRNA 514 

sequence: APC-G0-1 – CGCTTGTCTAGATAAGCACG). APC-KO organoids were 515 

selected by removal of Wnt and R-spondin from the media. 516 

 517 

Mouse ApcMin/+ Organoids 518 

Intestinal polyps from an 18 week-old male ApcMin/+ mouse were harvested and the 519 

cut tissue was treated with complete chelating solution containing 30 mM EDTA for 30 520 

min at 4ºC. The tissue pieces were then pipetted gently to dissociate the crypts. These 521 

crypts were then seeded in Matrigel (Corning, Cat# 47743-722) in the presence of high 522 

WNT organoid media in the presence of ROCK inhibitor Y-27632 (STEMCELL 523 

Technologies Inc., Cat# 72302) for 7-10 days.  524 

 525 

Human Samples 526 

Human CRC tissue microarray (TMA) slides were obtained from the Department of 527 

Pathology at the University of Texas MD Anderson Cancer Center. Studies related to 528 
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human specimens were approved by the MD Anderson Institutional Review Board 529 

under protocol Lab09-0373. 530 

 531 

Mutual exclusivity analysis 532 

For the analysis of mutual exclusiveness for APC in colorectal cancer, genetic 533 

alteration data of 220 TCGA CRC samples with copy number alterations and 534 

sequencing data were downloaded from cBioPortal (RRID:SCR_014555); the gene 535 

expression dataset was downloaded from the Broad GDAC website 536 

(http://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/COAD/20160128/); The 537 

detailed method for estimating mutation exclusivity was previously described (8). Briefly, 538 

the rank score (odds ratio score) was calculated to indicate mutual exclusiveness 539 

between gene A and gene B deletion. The mean values of gene B expression in all 220 540 

samples and that in gene A deleted samples were calculated and analyzed with 541 

Student’s t-test. For APC mutations in CRC datasets, only deletion and mutations with 542 

known significance (annotated by OncoKB, RRID:SCR_014782) cases were 543 

considered. The list of mutual exclusive genes to APC are listed in Table S1.  544 

 545 

TCGA data computational analysis  546 

For analysis of human CRC and BRCA data, we downloaded the gene expression 547 

and copy number data of TCGA datasets or other available datasets from cBioPortal 548 

(RRID:SCR_014555). Correlation analysis of TDO2, AhR, and CYP1B1 expression in 549 

CRC was performed with R2 platform: https://r2.amc.nl/. 550 

 551 
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Gene stable shRNA/siRNA knockdown and inducible shRNA knockdown  552 

Mission shRNA hairpins targeting mouse TDO, AhR, and TCF4 were purchased 553 

from Santa Cruz; GIPZ shRNA hairpins targeting human TDO were purchased from 554 

Horizon Discovery. For inducible TDO2 knockdown, SMARTvector Inducible Lentiviral 555 

shRNA for mouse TDO2 was purchased from Horizon Discovery. The sequences that 556 

reduced mRNA and/or protein levels by >70% were chosen. For in vivo 557 

bioluminescence imaging, luciferase vector EF1-RFP-T2A-Luciferase (system 558 

Biosciences, Cat# BLIV502MC-1) and D-Luciferin (Perkin Elmer, Cat# NC0921725) 559 

were used. Recombinant lentiviral particles were produced by transient transfection of 560 

plasmids into HEK293T cells (RRID:CVCL_0063). In brief, 8 μg of shRNA plasmid, 4 μg 561 

of psPAX2 plasmid (RRID:Addgene_12260), and 2 μg of pMD2.G plasmid 562 

(RRID:Addgene_12259) were transfected using Lipofectamine 3000 into 293T cells 563 

plated in 100-mm dishes. Viral supernatant was collected 48 h and 72 h after 564 

transfection and filtered. Cells were infected twice in 48 h with viral supernatant 565 

containing 8 μg/ml polybrene, and then selected using 2 μg/ml puromycin. Expression of 566 

TDO2, AhR, and TCF4 were measured by RT-qPCR. The following shRNA sequences 567 

were used.  568 

 569 

Human shTDO2 #3: NM_005651: 5’-AATCTGATTCATCACTGCT-3’,  570 

Human shTDO2 #6: NM_005651: 5’-AAATCTACAAATACCTTGT-3’,  571 

Mouse shTDO2 #2: NM_019911: 5’- 572 

CGGCCAAAGATGAATCCGATCATTCTCGAGA 573 

ATGATCGGATTCATCTTTGGTTTTTG-3’,  574 
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Mouse shTDO2 #4: NM_019911: 5’-575 

GGGCGCAAGAACTTCAGAGTGAACTCGAGTT 576 

CACTCTGAAGTTCTTGCGCTTTTTG-3’,  577 

Mouse ishTDO2 #3: NM_019911.2: 5’-GGATTTAATTTCTGGGGAA-3’,  578 

Mouse shAhR #1: NM_013464: 5’-579 

CGGCATCGACATAACGGACGAAATCTCGAGAT 580 

TTCGTCCGTTATGTCGATGTTTTTG-3’,  581 

Mouse shAhR #2: NM_013464: 5’- 582 

GTACCGGGTCAAGCCTGTTAGCTATATTCTCGA 583 

GAATATAGCTAACAGGCTTGACTTTTTTG-3’,  584 

Human shTCF4 #1: NM_030756: 5’- 585 

CCGGCCTTTCACTTCCTCCGATTACCTCGAGGTAATCGGAGGAAGTGAAAGGT586 

TTTTG -3’, 587 

Human shTCF4 #2: NM_030756: 5’- 588 

CCGGAGAGAAGAGCAAGCGAAATACCTCGAGGTATTTCGCTTGCTCTTCTCTT589 

TTTTG -3’, 590 

 591 

For siRNA experiments, Lipofectamine RNAiMAX Transfection Reagent (Thermo 592 

Fisher, Cat# 13778030) was used and the assay performed following manufacturer’s 593 

protocol. Transfected cells were maintained for three days and knockdown efficiency for 594 

TCF4 was measured by western blotting. The following siRNAs (Sigma-Aldrich) were 595 

used.  596 

Human siTCF4 #1: NM_030756: SASI_Hs01_00197690  597 
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Human siTCF4 #2: NM_030756: SASI_Hs01_00197691  598 

Human siTCF4 #3: NM_030756: SASI_Hs01_00197692  599 

Mouse siTCF4 #1: NM_009333: SASI_Mm01_00142189  600 

Mouse siTCF4 #2: NM_009333: SASI_Mm02_00315891 601 

Mouse siTCF4 #3: NM_009333: SASI_Mm01_00142190 602 

 603 

Western blot 604 

Cell lysates were prepared with RIPA lysis buffer (Roche) with Halt™ Protease and 605 

Phosphatase Inhibitor Single-Use Cocktail (Thermo, 78442). Immunoblotting was 606 

performed following standard protocol. Antibodies were purchased from the indicated 607 

companies: β-actin (Sigma-Aldrich, Cat# A1978, RRID:AB_476692), APC (Santa Cruz 608 

Biotechnology, Cat# sc-896, RRID:AB_2057493), tubulin (Sigma-Aldrich, Cat#T9026; 609 

RRID: AB_477593), vinculin (Millipore, Cat# 05-386, RRID:AB_309711), TDO2 610 

(Origene, Cat# TA504730, RRID:AB_2622554), β-catenin (Cell signaling Technology, 611 

Cat# 9587, RRID:AB_10695312), TCF4 (Santa Cruz Biotechnology, Cat# sc-612 

166699, RRID:AB_2199823), phospho-eIF2 (Cell Signaling Technology Cat# 9721, 613 

RRID:AB_330951), eIF2 (Cell Signaling Technology Cat# 9722, RRID:AB_2230924), 614 

ATF4  (Cell Signaling Technology Cat# 11815, RRID:AB_2616025), phospho-mTOR  615 

(Cell Signaling Technology Cat# 2971, RRID:AB_330970), mTOR (Cell Signaling 616 

Technology Cat# 2972, RRID:AB_330978), GCN2  (Santa Cruz Biotechnology Cat# sc-617 

374609, RRID:AB_10986130), and cleaved Caspase-3 (Cell signaling Technology, 618 

Cat# 9661, RRID:AB_2341188). 619 

 620 
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ORF and hairpin-resistant ORF expression  621 

To construct hairpin-resistant hTDO2 ORF expression vector to shTDO2 #3, site-622 

directed mutagenesis was performed on human TDO2 ORF gene in pcDNA3.1+/C-623 

(k)DYK vector (GenScript, Cat# OHu09674D). Nucleotide mutation was targeted for 1) 624 

1272 T to C, 2)1275 T to C, 3) 1278 A to G, 4) 1281 A to G and no amino acid was 625 

altered. Mutated TDO2 ORF gene insert was subcloned into PS100102 (pLenti-C-626 

mGFP-P2A-BSD Tagged Cloning Vector; Origene, Cat# PS10094).  627 

For mutagenesis, following primers were used: 628 

F: 5’-CCTACTTCAGCAGCGACGAGTCGGATTAAAATCG-3’ 629 

R: 5’-CGATTTTAATCCGACTCGTCGCTGCTGAAGTAGG-3’  630 

Lentiviral ORF expressing vectors for blank, CXCL5, CXCL7, and CSF3 were 631 

purchased from ABM (Cat# LV587, LV407122, LV395200, LV455866).  632 

For Seahorse glycolytic flux assay in TDO2 overexpressing cells, mouse TDO2 633 

ORF (NM_019911) expressing vector was purchased from GenScript (Cat# 634 

OMu17612D).  635 

 636 

Luciferase assay 637 

HEK 293T cells were seeded in 24-well plates and transfected with luciferase 638 

reporter vectors of pGL3-Basic (Promega, Cat# E1751), pGL3-hTDO2 promoter, or 639 

pGL3-hTDO2 promoter with a mutated TCF4 binding site with pRL Renilla Luciferase 640 

Control Reporter Vector (Promega, Cat# E2261) and pLV-beta-catenin ΔN90 641 

(RRID:Addgene_36985) using Lipofectamine 2000 reagent (Thermo, Cat# 11668019). 642 

pcDNA/Myc DeltaN TCF4 expression vector (RRID:Addgene_16513) was transfected to 643 
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express dominant negative TCF4. Luciferase activity was measured with Dual-644 

Luciferase reagent (Promega, E1910) according to the manufacturer's instructions.  645 

 646 

Glycolytic flux measurement 647 

Agilent Seahorse XF Glycolysis stress test kit (Agilent Cat# 103020-100) was 648 

used to measure glycolytic flux according to the manufacturer’s instructions. In brief, 649 

MC38 cells expressing Blank-ORF or TDO2-ORF 96-well XF were plated at 2 × 104 650 

cells per wells in 96-well Seahorse plate in DMEM and were incubated overnight. The 651 

next day, culture medium was removed and changed with Seahorse XF DMEM assay 652 

medium (Agilent Cat# 103680-100) containing 2 mM L-glutamine. Cells were incubated 653 

in the assay medium for 1 hr and sensor cartridges incubated in calibrant solution 654 

(Agilent Cat# 100840-000) were loaded with glucose, oligomycin and 2-DG (Final 655 

working concentrations: 1 mM glucose, 1µM oligomycin and 50 mM 2—DG). Glycolytic 656 

flux was measured using an Agilent Seahorse XFe Analyzer (Agilent Technologies). 657 

Raw data were analyzed with Wave software (Agilent Technologies). 658 

 659 

Cytokine array  660 

For cytokine array, CRC orthotopic tumors established with ishTDO2 APC-WT and 661 

APC-KO MC38 cells were incubated in RIPA buffer with protease/phosphatase inhibitor 662 

cocktail and homogenized. Cytokine array was performed with mCytokine Array Kit, 663 

Panel A (R&D Systems, Cat# ARY006) following the manufacturer’s protocol. For 664 

phospho-RTK array, ishTDO2 APC-WT and APC-KO MC38 cells were treated with dox 665 

for 48 hr and the lysates were used for the array. 666 
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 667 

Immunohistochemistry and immunofluorescence 668 

Immunohistochemistry was performed using a standard protocol we previously 669 

described (37). Antibodies were: TDO2 (Abnova Corporation, Cat# H00006999-B01P, 670 

RRID:AB_1138993), AhR (Santa Cruz Biotechnology, Cat#sc-133088, 671 

RRID:AB_2273721), β-catenin (Cell signaling Technology, Cat# 9587, 672 

RRID:AB_10695312), Ki67 (Thermo Fisher Scientific, Cat# MA1-90584, 673 

RRID:AB_2314700), Cleaved caspase-3 (Cell signaling Technology , Cat# 9661, 674 

RRID:AB_2341188), F4/80 (Cell signaling Technology,  Cat# 70076, 675 

RRID:AB_2799771), CD163 (abcam, Cat# ab182422, RRID:AB_2753196), CD206 676 

(BioLegend, Cat#141705, RRID:AB_10896421). For immunofluorescence staining, CD8 677 

(Cell signaling Technology, Cat# 98941, RRID:AB_2756376) and Granzyme B (Thermo 678 

Fisher Scientific, Cat# MA1-80734, RRID:AB_931084) antibodies were used. For nuclei 679 

staining, DAPI (Thermo Fisher Scientific Cat# D1306, RRID:AB_2629482) was used. 680 

The human and mouse tumor tissue sections were reviewed and scored.  681 

 682 

Migration assay 683 

Macrophages (1 × 104 for Raw264.7 and BMDM) were suspended in serum-free 684 

culture medium and seeded into 24-well Transwell inserts (5.0 μm, Corning, Cat# 685 

CLS3422). Medium with indicated factors or conditioned media was added to the 686 

remaining receiver wells. The CXCR1/2 inhibitor SX-682 was obtained from Syntrix 687 

Biosystems. After 24 h, the migrated macrophages were fixed and stained with crystal 688 

violet (0.05%, sigma), and counted with ImageJ (RRID:SCR_003070).  689 
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 690 

Colony formation assay 691 

Colorectal cancer cell proliferation in vitro was assayed through colony formation. 692 

Cells (1 × 103) were seeded in 6-well plates and cultured for 5-7 days and then fixed 693 

and stained with 0.5% crystal violet in 25% methanol for 1 hr. These experiments were 694 

performed in triplicate. 695 

 696 

In vivo TDO2 inhibitor drug treatment  697 

For C57BL/6J mice with APC-WT and APC-KO MC38 tumors, TDO2 inhibitor (200 698 

mg/kg, synthesized in house) was dissolved in 0.5% HPMC before each injection and 699 

administrated orally twice daily by oral gavage. Epacadostat (Medchemexpress, Cat# 700 

HY-15689) was dissolved in 10% DMSO and further diluted in 90% corn oil and 701 

administrated twice daily at 100 mg/kg by oral gavage. 702 

For iAP mice, APC and TP53 deletions were induced by injecting 4-OHT into distal 703 

colon. Three weeks after induction, 0.5% HPMC or TDO2 inhibitor (100 mg/kg) was 704 

administered daily by oral gavage to randomized mice.  705 

 706 

In vivo neutralizing antibody treatment and macrophage depletion   707 

For CXCL5 neutralizing experiment, Rat IgG2b Isotype Control (Cat# BE0090) 708 

was purchased from BioXCell; anti-Mouse CXCL5 (Clone 61905) neutralizing antibody 709 

was purchased from Leinco Technologies (Cat# C1414). For macrophage depletion 710 

study, Standard Macrophage Depletion Kit (Clodrosome + Encapsome) (Encapsula 711 

NanoSciences, Cat# CLD-8901) was used following manufacture’s protocol.  712 
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 713 

Mass Cytometry (CyTOF)  714 

CyTOF analysis was performed as described previously (37). Briefly, tumors were 715 

digested and single cells blocked with FcR were incubated with surface antibody. Cells 716 

were then incubated with Cell-ID Cisplatin (Fluidigm, Cat# 201064) and permeabilized 717 

for FOXP3 intracellular staining. For nuclei staining, cells were incubated with Cell-ID 718 

Intercalator-Ir (Fluidigm, Cat #201192A) during fixing. Samples were analyzed with a 719 

CyTOF instrument (Fluidigm) in the Flow Cytometry and Cellular Imaging Core Facility 720 

at MD Anderson Cancer Center. Cell numbers and percentages of each cell population 721 

were analyzed with FlowJo (Tree Star, RRID:SCR_008520) and GraphPad Prism 6 722 

software (RRID:SCR_002798). CyTOF data were visualized using a dimensionality 723 

reduction method viSNE (38), which was implemented using the Cytobank 724 

(RRID:SCR_014043) (39). 725 

 726 

Kyn, 2-DG uptake and lactate secretion measurement 727 

Kyn concentration was measured following manufacturer’s protocol for Kyn ELISA 728 

measurement kit (ImmuSmol, Cat# BA-E-2200). The 2-DG uptake assay was performed 729 

according to manufacturer’s protocol for 2-Deoxyglucose Uptake measurement kit 730 

(Cosmo Bio, Cat# CSR-OKP-PMG-K01TE). For secreted lactate measurement, Lactate 731 

Colorimetric/Fluorometric Assay Kit (BioVision, Cat# 10186-852) was used and assay 732 

was performed following manufacturer’s protocol. 733 

 734 

LC-MS/MS-Based Targeted Metabolomics 735 
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Media from cultured cells were harvested and quickly placed into dry ice or -80°C 736 

freezer. Cells were washed twice with ice-cold PBS and snap-frozen using liquid 737 

nitrogen. Frozen cells were scraped into 1 mL of -70°C-cooled 80% methanol and 738 

quickly stored at -80°C. LC-MS/MS analyses were performed on an AB SCIEX QTRAP 739 

6500 LC-MS/MS system by the Karmanos Cancer Institute Pharmacology Core. Analyst 740 

1.6 software was used for system control and data acquisition, and MultiQuant 3.0 741 

software was used for data processing and quantitation. For statistical analysis, 742 

Metaboanalyst (RRID:SCR_015539) was used.  743 

 744 

ChIP–sequencing and ChIP-PCR 745 

ChIP was performed as we described recently (9). Briefly, chromatin from PFA-746 

fixed cells were cross-linked with 1% PFA and then reactions were quenched using 747 

0.125 M glycine. Cells were lysed with ChIP lysis buffer [10 mM Tris-HCl (pH 8.0), 748 

140 mM NaCl, 1 mM EDTA (pH 8.0), 1% Triton X-100, 0.2% SDS and 0.1% deoxycholic 749 

acid] for 30 min on ice. Chromatin fragmentation was performed using a Diagenode 750 

BioruptorPico sonicator (30 s on and 30 s off, 45 cycles) and incubated with the 751 

appropriate mixture of antibody and Dynabeads (ThermoFisher Scientific, Cat# 10003D) 752 

overnight. Immune complexes were washed with RIPA buffer (three times), once with 753 

RIPA-500 (RIPA with 500 mM NaCl), and once with LiCl wash buffer [10 mM Tris-HCl 754 

(pH 8.0), 1 mM EDTA (pH 8.0), 250 mM LiCl, 0.5% NP-40 and 0.5% deoxycholic acid]. 755 

Elution and reverse-crosslinking were performed in direct elution buffer [10 mM Tris-Cl 756 

(pH 8.0), 5 mM EDTA, 300 mM NaCl, 0.5% SDS] containing proteinase K (20 mg/ml) at 757 

65°C overnight. Eluted DNA was purified using AMPure beads (Beckman-Coulter, Cat# 758 
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A63880), and then used to generate libraries using NEBNext Ultra DNA Library kit (New 759 

England BioLabs Inc., Cat# E7370), or to perform qPCR. Sequencing was performed 760 

using an Illumina HiSeq 2500 instrument to generate dataset. CHIP-PCR primers are 761 

following:  762 

hGAPDH promoter F: ACTGAGCAAGAGAGGCCCTA- 763 

                               R: TATGGGGGTCTGGGATGGAA- 764 

hAxin2 promoter     F: CTCGCATACCTCCCTTCC- 765 

                               R: TTCCAGCAGTCACTAGGC- 766 

hc-Myc promoter    F: CTCACTGGAACTTACAATCTG- 767 

                                R: CAACGCCCAAAGGAAATC- 768 

hTDO2 Promoter.   F: GCATGCTGATTGGCTGATGC- 769 

                                R: AAAACAACCCAGATGTTCTACAGC- 770 

 771 

mRNA expression analysis, microarray and RNA sequencing 772 

Cells were pelleted and RNA was isolated with RNeasy Mini Kit (Qiagen, Cat# 773 

74104). RNA was reverse-transcribed into cDNA following SuperScript™ III First-Strand 774 

Synthesis SuperMix (Invitrogen, Cat# 18080400). qRT-PCR was performed using 775 

SYBR Green PCR Master Mix (Thermo Fisher Scientific) in a 7500 Fast Real-Time PCR 776 

instrument (Applied Biosystems). qRT-PCR primers are following; hAPC;F: 777 

TCTTGGCGAGCAGATGTAAA- R: TCCACAAAGTTCCACATGC-, hTDO2;F: 778 

GGGAACTACCTGCATTTGGA- R: GTGCATCCGAGAAACAACCT-, hAhR;F: 779 

ATTGTGCCGAGTCCCATATC- R: AAGCAGGCGTGCATTAGACT-, hCyp1A1;F: 780 

CTTGGACCTCTTTGGAGCT-  R: GACCTGCCAATCACTGTG-, hCyp1B1;F: 781 
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GACGCCTTTATCCTCTCTGCG- R: ACGACCTGATCCAATTCTGCC-, hGAPDH;F: 782 

GTCTCCTCTGACTTCAACAGCG-  R: ACCACCCTGTTGCTGTAGCCAA-, mAPC;F: 783 

CTTGTGGCCCAGTTAAAATCTGA- R: CGCTTTTGAGGGTTGATTCCT-, 784 

mTDO2;F: ATGAGTGGGTGCCCGTTTG-  R: GGCTCTGTTTACACCAGTTTGAG-, 785 

mAhR;F: AGCCGGTGCAGAAAACAGTAA- R: AGGCGGTCTAACTCTGTGTTC-, 786 

mCyp1A1;F: GACACAGTGATTGGCAGAG-  R: GAAGGTCTCCAGAATGAAGG-, 787 

mCyp1B1;F: CACCAGCCTTAGTGCAGACAG- R: GAGGACCACGGTTTCCGTTG-, 788 

mHK1;F: CGGAATGGGGAGCCTTTGG- R: GCCTTCCTTATCCGTTTCAATGG-, 789 

mHK2;F: TGATCGCCTGCTTATTCACGG- R: AACCGCCTAGAAATCTCCAGA-, 790 

mSLC2A1;F: GCAGTTCGGCTATAACACTGG- R: 791 

GCGGTGGTTCCATGTTTGATTG-, mPFKL;F: GGAGGCGAGAACATCAAGCC- R: 792 

CGGCCTTCCCTCGTAGTGA-, mLDHA;F: GCTCCCCAGAACAAGATTACAG- R: 793 

TCGCCCTTGAGTTTGTCTTC-, mALDOA;F: CGTGTGAATCCCTGCATTGG- R: 794 

CAGCCCCTGGGTAGTTGTC-, mCXCL5;F: TCCAGCTCGCCATTCATGC- R: 795 

TTGCGGCTATGACTGAGGAAG-, mCXCL7;F: CTCAGACCTACATCGTCCTGC-796 

 R: GTGGCTATCACTTCCACATCAG-, mCSF3;F: 797 

ATGGCTCAACTTTCTGCCCAG- R: CTGACAGTGACCAGGGGAAC-, mCXCR2; F: 798 

ATGCCCTCTATTCTGCCAGAT- R: GTGCTCCGGTTGTATAAGATGAC-, mCSF1;799 

 F: ATGAGCAGGAGTATTGCCAAGG- R: TCCATTCCCAATCATGTGGCTA-, 800 

mCD206;F: CTCTGTTCAGCTATTGGACGC- R: CGGAATTTCTGGGATTCAGCTTC-, 801 

mYM1;F: CAGGTCTGGCAATTCTTCTGAA- R: GTCTTGCTCATGTGTGTAAGTGA-, 802 

mYM2;F: TCCACTTTGAACCACATTCCAA- R: 803 

CCAGCACTAACAGTAGGGTCA-, mArg1;F: CTCCAAGCCAAAGTCCTTAGAG- R: 804 
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AGGAGCTGTCATTAGGGACATC-, miNOS;F: GTTCTCAGCCCAACAATACAAGA-805 

 R: GTGGACGGGTCGATGTCAC-, mbeta-actin;F: 806 

AAATCTGGCACCACACCTTC- R: GGGGTGTTGAAGGTCTCAAA-, mGAPDH; F: 807 

GCCTTCCGTGTTCCTACCC- R: CAGTGGGCCCTCAGATGC- 808 

 809 

 The expression of each gene was normalized to that of GAPDH or Actin. For 810 

microarray, tumors established with ishTDO2 APC-WT and APC-KO MC38 cells were 811 

harvested (biological triplicates for control and APC-KO MC38 tumors). RNAs were 812 

isolated using Trizol (Invitrogen, Cat# 15596-026) and further purified with the RNeasy 813 

Mini Kit. Samples were analyzed at the MD Anderson Microarray Core facility using the 814 

GeneChip Mouse Clariom D array (Affymetrix) to generate dataset. Genes that were 815 

differentially expressed between control and APC-depleted MC38 cells were subjected 816 

to gene set enrichment analysis (GSEA). For RNA sequencing, RNAs were isolated 817 

from ishTDO2 APC-WT and APC-KO MC38 cells with and without Dox treatment 818 

(biological triplicates per group) using the RNeasy Mini Kit. Illumina TrueSeq CHIP 819 

library was used for Illumina Next Seq 500 Sequencing.  820 

 821 

Tumor-infiltrated macrophage RNA isolation and sequencing 822 

Tumor infiltrated macrophage isolation and sorting from MC38 tumors were 823 

performed by following a published protocol (40) with slight modifications. Briefly, APC-824 

WT and APC-KO MC38 tumors (two per group) implanted in C57BL/6J mice were 825 

digested with Liberase DL (Roche) and Liberase TL. After RBC lysis, cells were blocked 826 

with CD16/CD32 blocking antibody (BD Biosciences Cat# 553142, RRID:AB_394657) 827 
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for 30 min and stained with antibodies: CD45 APC 30-F11 (BD Biosciences Cat# 828 

553142, RRID:AB_394657) for 30 min and stained with antibodies: CD45 APC 30-F11 829 

(BioLegend Cat# 103111, RRID:AB_312976), CD11b eFluor 605 M1/70 (Thermo Fisher 830 

Scientific Cat# 69-0112-82, RRID:AB_2637406), F4/80 PerCp-Cy5.5 BM8 (BioLegend 831 

Cat# 123127, RRID:AB_893496), CD206/MMR 169tm C068C2 (Fluidgm Cat# 832 

3169021B, RRID:AB_2832249)  and SYTOX green (ThermoFisher Cat# R37168). 833 

Stained cells were sorted as CD45+, CD11b+, F4/80+ and CD206+.  Total RNA was 834 

isolated from sorted cells and were sequenced by Ultra low Input RAN sequencing 835 

(Illumina NexteraXT) with six replicates of each sample. Comparisons between groups 836 

were hampered by low input of total RNA isolated from tumor macrophages manifesting 837 

as inconsistent raw/normalized read counts for housekeeping genes in the different 838 

groups. To enable comparisons between APC-WT and APC-KO tumors, we re-839 

normalized the read counts of multiple M2 macrophage markers with housekeeping 840 

gene read counts (GAPDH and ACTB) (41). 841 

 842 

Quantification and statistical analysis 843 

The analysis of TAM IHC staining for correlation with nuclear β-catenin, TDO2, 844 

and CD163 was performed using the chi-squared test. Mouse survival analysis was 845 

performed using Log-rank (Mantel-Cox) test (GraphPad Prism 9, RRID:SCR_002798). 846 

All other statistical analyses were performed with Student's t-test and represented as 847 

mean ± SD. The p values were designated as: *, p<0.05; **, p<0.01; and ***, p<0.001; 848 

n.s. non-significant (p>0.05). 849 

 850 
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Data Availability 851 

RNA-seq, ChIP-seq, and microarray data have been deposited in the NCBI GEO 852 

with the accession numbers GSE200910, GSE201414, and GSE201415, respectively. 853 

Additional data, reagents, and materials generated in this study can be obtained from 854 

the corresponding authors upon request. 855 
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 990 

Figure Legends 991 

 992 

Fig. 1. TDO2 as a synthetic essential gene for mutant APC gene in CRC. (A) Venn 993 

diagram analysis using three different datasets identified TDO2 as a top potential SE 994 

gene. (B) TDO2 mRNA expression is significantly correlated with expression of WNT 995 

pathway signature genes in TCGA CRC (COAD + READ, Provisional) patients (n=433). 996 

****P<0.0001. (C) Representative images of IHC staining for TDO2 in serial sectioned 997 

human CRC tumors with negative (n=34) and positive nuclear β-catenin (n=47). Scale 998 

bars, ×10 (200 μm) and ×40 (50 μm). (D) CRC tumors with nuclear β-catenin showed 999 

higher TDO2 expression (TDO2 staining score 0-3). Pearson Correlation Coefficient 1000 

=42.342, ****P<0.0001. Chi-squared test. (E) IHC analysis of CRC tumors from iAP and 1001 

iKAP mice showed increased nuclear β-catenin, Ki67, and TDO2 compared to normal 1002 

colon tissue. Scale bar, 100 μm for iAP and 500 μm for iKAP. (F) Immunoblotting for 1003 

TDO2 in organoids isolated from C57BL/6J ileum and ApcMin/+ mice. (G) Immunoblotting 1004 

for TDO2 in colonoids isolated from C57BL/6J mice. APC-KO colonoids were APC-1005 

deleted by CRISPR-Cas9. 1006 

 1007 

Fig. 2. TCF4/TCF7L2 mediates upregulation of TDO2 in APC-mutated CRC cells. 1008 

(A) Immunoblots for TDO2 and β-catenin in CRC cell lines RKO (human) and MC38 1009 
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(mouse) with their isogenic APC-KO counterparts. At least three independent 1010 

experiments were performed. (B) RT-qPCR shows APC-deleted RKO and MC38 cell 1011 

lines exhibit increased TDO2 mRNA expression. At least three independent 1012 

experiments were performed. *P<0.05, **P<0.01, ****P<0.0001. (C) DNA sequence 1013 

binding motif for transcription factor TCF4/TCF7L2. Promoter regions of human and 1014 

mouse TDO2 genes harbor TCF4 binding motifs near transcription start site. The motif 1015 

sequence is conserved in human and mouse genes. (D)  ChIP-seq in APC-WT and 1016 

APC-KO MC38 cells showed binding peaks for TCF4 on the promoters of TDO2 gene. 1017 

(E) ChIP-PCR using TCF4 antibody showed enriched binding to the promoter regions of 1018 

TDO2 gene in DLD-1 cells. GAPDH as negative control; MYC and AXIN2 as positive 1019 

controls. (F) Luciferase activity of hTDO2 promoter in HEK 293T cells with constitutively 1020 

active form of β-catenin (Δ90) when co-transfected with dominant negative (DN) TCF4. 1021 

***P<0.001. Two independent experiments were performed. (G) Luciferase activity of 1022 

hTDO2 promoter in HEK 293T cells with constitutively active form of β-catenin (Δ90) 1023 

and dominant negative (DN) TCF4. **P<0.01. (H) Luciferase activity of TCF4 binding 1024 

motif-mutated hTDO2 promoter in HEK 293T cells with constitutively active form of β-1025 

catenin (Δ90) and dominant negative (DN) TCF4. n.s.P>0.05. (I) Immunoblots for TDO2 1026 

and TCF4 in APC-KO MC38 cell lysates after transfecting with siControl or three 1027 

different siTCF4s.  1028 

 1029 

Fig. 3. TDO2-Kyn-AhR signaling is essential for cell survival in APC-mutated CRC 1030 

cells. (A) Representative images of colony formation assays of APC-WT and APC-KO 1031 

MC38 cell lines expressing shTDO2. Three independent experiments were performed. 1032 
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(B) Quantification of Panel (A). (C) Immunoblots of cleaved caspase-3 in APC-WT and 1033 

APC-KO MC38 cell lines with inducible shTDO2 after doxycycline (Dox) treatment. (D) 1034 

Immunoblots for TDO2 and cleaved caspase-3 in ApcMin/+ ishControl and ishTDO2 1035 

organoid cell lysates after Dox treatment for 48 h. Three independent experiments were 1036 

performed.  (E) Brightfield images of APC-WT and APC-KO colonoids treated with 1037 

DMSO or TDO2 inhibitor (680C91). Scale bars, ×40 (50 μm).  (F) Total flux 1038 

measurement of tumors in Supplementary Fig. S4E. n.s.P>0.05, *P<0.05, **P<0.01. (G) 1039 

Survival curves of C57BL/6J mice orthotopically implanted with ishTDO2 APC-WT and 1040 

APC-KO MC38 cell lines (2×105 cells). Dox food was supplied at day 5 post-orthotopic 1041 

injection to induce TDO2 knockdown in vivo. n.s.P>0.05; **P<0.01, ***P<0.001. Log-1042 

rank (Mantel-Cox) test. (H) Survival curves of C57BL/6J mice orthotopically implanted 1043 

with APC-WT and APC-KO MC38 cell lines (2×105 cells). TDO2 inhibitor treatment (100 1044 

mg/kg) was initiated at day 5 post-injection twice a day by oral gavage. n.s.P>0.05, 1045 

**P<0.01, ***P<0.001. Log-rank (Mantel-Cox) test. (I) Survival curves of iAP mice after 1046 

tamoxifen induction in the distal colon. Vehicle or TDO2 inhibitor treatment (100 mg/kg) 1047 

was initiated at day 24 post-induction once a day by oral gavage. Log-rank (Mantel-Cox) 1048 

test.  1049 

 1050 

Fig. 4. TDO2 mediates tumor growth by regulating macrophage infiltration. (A) 1051 

GSEA analysis (Hallmark gene sets) on genes that overlap between RNA-seq datasets 1052 

of ishTDO2 APC-KO MC38 cell lines (No dox vs. 48 hr dox, n=3) and microarray 1053 

datasets of allograft tumors established with ishTDO2 APC-KO MC38 cell lines (No dox 1054 

vs. dox treated, n=3). The blue bars indicate immune response-related pathways. RNA-1055 
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seq data from APC-KO MC38 ishTDO2 cell lines and tumor microarray datasets from 1056 

the tumors established by the cell lines in C57BL/6J mice were overlapped and further 1057 

narrowed down the list using the pathways that are upregulated by APC deletion to 1058 

identify the pathways regulated both by WNT pathway and TDO2. (B) GSEA correlation 1059 

of TNFA signaling and inflammatory response with alternatively expressed genes in 1060 

TDO2-depleted APC-KO MC38 cells. Normalized enrichment scores (NES) and nominal 1061 

P values are shown. (C) viSNE analysis of F4/80+ and CD206+ immune cells assessed 1062 

by CyTOF from CRC orthotopic ishTDO2 APC-WT and APC-KO MC38 tumors. (D) 1063 

Quantification of macrophages (CD11b+ F4/80+) and M2 macrophages (CD11b+ F4/80+ 1064 

CD206high) in CD45+ cells from tumors shown in (C). CyTOF data were analyzed by 1065 

FlowJo. Data represent mean ± s.d. n.s.P>0.05, *P<0.05. n=3 per group. (E) TDO2 1066 

mRNA expression significantly correlates with expression of total macrophage markers 1067 

and M2 macrophage markers in TCGA CRC (COAD + READ, Provisional) patients 1068 

(n=433). ****P<0.0001. (F) Representative images of IHC staining for CD163 in serial 1069 

sectioned human CRC tumors with negative (n=42) and positive nuclear β-catenin 1070 

(n=50). Scale bars, ×10 (200 μm) and ×20 (100 μm). (G) CRC tumors with nuclear β-1071 

catenin showed higher CD163 expression. Pearson Correlation Coefficient = 5.074, P 1072 

=0.0243. Chi-squared test. 1073 

 1074 

Fig. 5. TDO2-AhR-CXCL5 axis regulates macrophage recruitment in APC-mutated 1075 

CRC tumors. (A) Expression of cytokine genes identified in RNA-seq analysis and 1076 

TDO2 were validated by RT-qPCR using ishTDO2 APC-WT and APC-KO MC38 cell 1077 

lines. **P<0.01, ***P<0.001, ****P<0.0001. (B) Volume of tumors established with 1078 
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ishTDO2 APC-KO MC38 cell lines expressing Blank, CXCL5, CXCL7, and CSF3. Dox 1079 

food was supplied at day 5 post-orthotopic injection to induce TDO2 knockdown in vivo. 1080 

n=4 per group. n.s.P>0.05, *P<0.05, ****P<0.001, ****P<0.0001. (C) viSNE analysis of 1081 

F4/80+ and CD206+ immune cells assessed by CyTOF from CRC orthotopic ishTDO2 1082 

APC-WT and APC-KO MC38 tumors and CXCL5-ORF expressing APC-KO MC38 with 1083 

TDO2 depletion. (D and E) Quantification of macrophages (CD11b+ F4/80+) and M2 1084 

macrophages (CD11b+ F4/80+ CD206high) in CD45+ cells from tumors shown in (C). 1085 

CyTOF data were analyzed by FlowJo. Data represent mean ± s.d., n.s.P>0.05, 1086 

*P<0.05, **P<0.01, n=3 per group. (F) Representative images of migrated Raw264.7 1087 

cells cultured with ishTDO2 APC-WT and APC-KO MC38 conditioned media in 1088 

transwell assay. Recombinant CXCL5 protein (50 ng) and SX-682 (1 μM) were added to 1089 

harvested conditioned media for 36 hr. Scale bar, 100 μm. n=3 biological replicates. 1090 

Quantification: n.s.P>0.05, ***P<0.001, ****P<0.0001. (G) Survival curves of C57Bl/6J 1091 

mice orthotopically implanted with ishTDO2 and ishTDO2/CXCL5-ORF APC-KO MC38 1092 

cell lines (5×105 cells). Clondronate liposomes or control Encapsome liposomes were 1093 

given intraperitoneally (100 μl) at day 2 post-orthotopic injection and three times a week. 1094 

n.s.P>0.05, **P<0.01, ***P<0.001. Log-rank (Mantel-Cox) test. 1095 

 1096 

Fig. 6. Graphical abstract 1097 
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Fig. 2. TCF4(TCF7L2)/β-catenin mediates upregulation of TDO2 in APC-mutated CRC cells   
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Fig. 4. TDO2 mediates tumor growth by regulating macrophage infiltration 

A B 

D 

E F G 

HALLMARK_TNFA Signaling VIA NFKB 

E
nr

ic
hm

en
t s

co
re

 (E
S

) 

NES=2.611 
P<0.001 

APC-KO MC38 ishTDO2  

Dox + - 

HALLMARK_Inflammatory Response 

NES=2.142 
P<0.001 

0 5 10 15

HALLMARK_ANGIOGENESIS

HALLMARK_COMPLEMENT

HALLMARK_P53_PATHWAY

HALLMARK_MTORC1_SIGNALING

HALLMARK_ALLOGRAFT_REJECTION

HALLMARK_IL6_JAK_STAT3_SIGNALING

HALLMARK_KRAS_SIGNALING_UP

HALLMARK_INFLAMMATORY_RESPONSE

HALLMARK_TNFA_SIGNALING_VIA_NFKB

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

HALLMARK_GLYCOLYSIS

HALLMARK_HYPOXIA

-log10(p value)

APC-KO MC38 ishTDO2 

- Dox 

F4/80 

+ 

CD206 

MC38 ishTDO2 

- + 

N
uc

le
ar

 β
-c

at
en

in
 

- 

+ 

CD163 β-catenin  

X10 X10 X20 X20 

C 

Nuclear β-catenin 
High Low

0

1

2

3

4

5

Total Macrophage markers

T
D

O
2
 e

x
p

re
s
s
io

n
 (

lo
g

1
0
) ****

HIgh Low

-1

0

1

2

3

4

5

M2 Signature

T
D

O
2
 e

x
p

re
s
s
io

n
 (

lo
g

1
0
) 

****

- +
0

20

40

60

Sa
m

pl
e 

nu
m

be
r

Low
High

CD163 Intensity*

MC38  
ishTDO2 

APC-KO MC38   
ishTDO2 

Dox - - + + 

MC38  
ishTDO2 

APC-KO MC38   
ishTDO2 

Dox - - + + 

E
nr

ic
hm

en
t s

co
re

 (E
S

) 

0

10

20

30

40

C
D

11
b+

F4
/8

0+ /C
D

45
+  (%

) *

*

*

0

2

4

6

8

10

C
D

11
b+

F4
/8

0+  C
D

20
6hi

/C
D

45
+  (%

)

n.s

*

*

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-21-0680/3128529/cd-21-0680.pdf by M

D
 AN

D
ER

SO
N

 H
O

SPITAL user on 25 M
ay 2022



Fig. 5.  TDO2-AhR-CXCL5 axis regulates macrophage recruitment in APC-mutated CRC tumors  
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Fig. 6. Working model 
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