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DPPA3-HIF1a axis controls colorectal cancer
chemoresistance by imposing a slow cell-cycle
phenotype
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SUMMARY

Tumor relapse is linked to rapid chemoresistance and represents a bottleneck for cancer therapy success.
Engagement of a reduced proliferation state is a non-mutational mechanism exploited by cancer cells to
bypass therapy-induced cell death. Through combining functional pulse-chase experiments in engineered
cells and transcriptomic analyses, we identify DPPA3 as a master regulator of slow-cycling and chemoresist-
ant phenotype in colorectal cancer (CRC). We find a vicious DPPA3-HIF1a feedback loop that downregulates
FOXM1 expression via DNA methylation, thereby delaying cell-cycle progression. Moreover, downregulation
of HIF1a partially restores a chemosensitive proliferative phenotype in DPPA3-overexpressing cancer cells.
In cohorts of CRC patient samples, DPPA3 overexpression acts as a predictive biomarker of chemothera-
peutic resistance that subsequently requires reduction in its expression to allow metastatic outgrowth.
Our work demonstrates that slow-cycling cancer cells exploit a DPPA3/HIF1« axis to support tumor persis-
tence under therapeutic stress and provides insights on the molecular regulation of disease progression.

INTRODUCTION

Most colorectal cancer (CRC) patients acquire a relatively rapid
chemoresistance manifested as disease relapse, remaining a
key obstacle to successful cancer therapy. Chemotherapy
frequently leaves residual cancer cells that provide a reservoir
from which recurrence arises. The term “persister” in bacteria
describes a transient state that tolerates antibiotic treatment
for a longer period than the majority of the rapidly killed popula-
tion.” This concept was adopted in cancer studies, where cancer
cells evading treatment are called drug-tolerant persister cells.?
Persister cancer cells resist anticancer therapy by adopting a
slow-cycling state that reverts when insults cease. Importantly,
their capacity to resist therapy is caused by the slow-cycling

Gheck for
Updates

phenotype, which is a non-mutational mechanism of therapy
resistance, instead of genetic mutations. However, uncertainty
remains in determining whether persister cancer cells are pre-
existing or induced by chemotherapy, and which signaling path-
ways regulate their phenotype. Therefore, “persister cancer
cells” refers to the therapeutic setting, whereas “slow-cycling
cancer cells” (SCCCs) is used regardless of the therapeutic
context.®

Unfortunately, although the mechanisms governing cancer
persistence have improved our understanding,® they have not
yet been successfully targeted in the clinical setting. The ther-
apy-resistant slow-cycling phenotype of persister cancer cells
could be ruled by specific developmental gene expression pro-
grams that protect cells from environmental stressors.*®
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A single-cell transcriptomic study performed in chemoresistant
cancer cells identified a hypoxia-response program upregula-
tion, suggesting that cancer persistence may reflect an adaptive
stress response.® Accordingly, we and others observed a rela-
tionship between the hypoxia response and SCCCs.”® Despite
that the link of hypoxia to therapy resistance has been widely
documented in the literature,® the role of hypoxia in regulating
slow-cycling phenotype and chemoresistance remains poorly
understood.

Here, by exploring a distinctive germline gene set in SCCCs,
we identified DPPAS3 (Developmental Pluripotency Associated
3) as a key regulator of “slow-cycliness” and chemoresistance
in CRC cells. We uncovered a positive DPPA3-HIF1a feedback
loop involved in disease progression and highlighted HIF1a as a
potential vulnerability to target chemoresistant DPPA3-overex-
pressing cancer cells. We further confirmed this evidence by
generating different cell line models and interrogating CRC pa-
tient samples. Altogether, our findings uncover the biological in-
sights on the functional relevance of hypoxia signaling in the mod-
ulation of slow-cycling chemoresistant cancer cell phenotype.

RESULTS

DPPAS is overexpressed in SCCCs and is
downregulated in liver metastatic outgrowth

Diapause is a powerful tool to explore fundamental questions
about the relationship between stress resistance and “slow-cyc-
liness.”*** In embryonic diapause, primordial germ cells (GCs)
pause their proliferation to undergo epigenetic reprogram-
ming.'® Well-identified factors involved in this process’' became
promising candidates for governing a slow-cycling phenotype
leading to chemoresistance.

In doxycycline (DOX) pulse-chase experiments, only SCCCs
retain the H2BeGFP label®'? (Figure 1A). We compared the
enrichment of a GC-related gene set in GFP-labeled SCCCs
versus rapid-cycling cancer cells (RCCCs) isolated in previously
performed three-dimensional (3D) pulse-chase experiments®
(Figures 1B, S1A, and S1B). Gene set enrichment analysis
(GSEA) revealed higher expression of nine leading-edge core
genes related to GCs in SCCCs versus RCCCs (Figure 1B). Inter-
estingly, our group previously identified TET2 as a key to SCCC
intrinsic survival.® Therefore, identifying it among the leading-
edge genes validated our approach to discover regulators of
SCCC phenotype.

From the different genes identified, APOBEC1 and DPPA3 are
described as regulatory genes of DNA methylation reprogram-
ming. Given that APOBEC1 is a cytidine deaminase classified
as DNA mutator, ' it was ruled out as a candidate for regulating
the slow-cycling phenotype as a non-mutational mechanism of
therapy resistance. The naive pluripotency factor DPPA3 is
involved not only in the DNA methylation reprogramming in pri-
mordial GCs,'* but also in oocytes,'® early embryos,'®"" so-
matic cells,’® and hepatocellular carcinoma,'® suggesting its
relevant role across different biological contexts. DPPA3 expres-
sion was confirmed in SCCCs derived from the two CRC models
used for the GSEA analysis, a patient-derived xenograft CRC
model (T70-PDX) and the CRC-SW1222-H2BeGFP cell line
pool (Figure 1C). A selected CRC SW1222-H2BeGFP clone
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was used to analyze DPPAS3 expression in three different cell
proliferative states, SCCCs, RCCCs, and super-rapid-cycling
cancer cells (sSRCCCs) (Figure S1C). Pulse-chase experiments
demonstrated that the higher the proliferation rate, the lower
the DPPAS3 expression was, restricting its expression mostly to
SCCCs (Figure 1D). As we previously described,® SCCCs pre-
sented higher self-renewal capacity than RCCCs because of
their undifferentiated condition and reversible state (Figures 1E
and 1F). Interestingly, downregulation of DPPA3 by short hairpin
in SCCCs (shDPPAS) revealed a higher organoid re-initiation ca-
pacity than in control SCCCs without affecting RCCC self-
renewal (Figures 1F and S1D). Moreover, we observed that
shDPPA3 SCCCs produced a high megacolonies (=400 pum)
proportion (Figure 1G). These results suggest that, despite the
high self-renewal capacity observed in SCCCs, DPPA3 restricts
organoid enlargement, functionally validating its role in regu-
lating the slow-cycling phenotype.

Besides chemoresistance, SCCCs contribute to late disease
relapses because of their slow-cycling nature that delays metas-
tasis outgrowth.”® We analyzed DPPA3 expression in 65 non-
treated paired liver metastasis and primary tumor biopsies
from a CRC cohort (Figure 1H; Table S1). We observed a
decrease in the DPPAS3-positive cell percentage in liver metasta-
ses compared with paired primary tumors in patients catego-
rized as DPPAS3-High (>20% of DPPAS3-positive cells in primary
tumor biopsies), but no significant changes in DPPA3-Low pa-
tients (Figures 11 and S1E; Table S1). In addition, in a subset of
27 metachronous metastases, we confirmed a higher percent-
age of DPPAS-positive cells in later (>2 years) than earlier (<2
years) relapsed metastases (Figure 1J). From these results, we
concluded that DPPA3 could contribute to restricting metastasis
outgrowth from disseminated SCCCs in CRC patients.

DPPAS3 overexpression in primary tumors correlates
with worse clinical outcomes in treated CRC patients
Considering the chemoresistant nature of SCCCs,??"*? we next
sought to analyze the role of DPPAS in regulating this phenome-
non. Standard of care for CRC patients remains 5-fluorouracil
(5FU)-based chemotherapy and radiotherapy, both aimed at
killing highly proliferative cells. Consistently, pulse-chase exper-
iments confirmed that, while CRC-SW1222 RCCCs underwent
5FU-induced apoptosis, SCCCs survived and increased their
proportion upon 5FU treatment (Figures 2A and 2B). Next, we
observed that DPPA3 downregulation sensitized SCCCs, but
not RCCCs, to 5FU treatment (Figure 2C), confirming its promi-
nent role in SCCC chemoresistance. Furthermore, the higher
colony re-initiation capacity previously observed in shDPPA3
compared with short hairpin RNA (shRNA) knockdown control
(shCTRL) SCCCs (Figure 1F) was impaired when colonies were
treated with 5FU before isolation and re-seeding (Figure 2D).
Again, these results demonstrate the key role of DPPA3 in pre-
serving SCCC viability upon chemotherapy. Interestingly, post-
5FU-treated shCTRL SCCCs generated a higher proportion of
minicolonies (<50 pum) in detriment to megacolonies formation
(Figure S1F). In contrast, post-5FU-treated shDPPA3 SCCCs
produced the opposite proportions (Figure S1F), confirming
the requirement to downregulate DPPA3 expression to promote
proliferation and colony enlargement.
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Figure 1. DPPAS3 gene is overexpressed in slow-cycling cancer cells (SCCCs)

(A) Pulse-chase experimental design to evaluate SCCCs. After a doxycycline (DOX) treatment, the accumulated H2BeGFP signal in cells was diluted (dil) upon cell
divisions revealing label-retaining cells (SCCCs).

(B) Gene set enrichment analysis (GSEA) plot showing enrichment of a custom GERM_CELL gene set in SCCC versus RCCC expression profiles from two CRC
models grown in 3D (ArrayExpress: E-MTAB-4004).

(C and D) gRT-PCR analysis showing DPPA3 expression in SCCCs (C and D), RCCCs (C and D), and super-rapid cycling cancer cells (sSRCCCs) (D) obtained from
a DOX pulse-chase sorting experiment of each indicated CRC model. Mean + SD of triplicates.

(E and F) Experimental design (E) and colonies formation capacity evaluation (F) of control (shCTRL) and DPPA3 knockdown (shDPPA3) RCCCs and SCCCs
sorted from CRC SW1222-H2BeGFP pool organoids. Dots indicate the percentage of organoids grown embedded in each single Matrigel.

(G) Representative pictures (left) and percentage (right) of colonies (<400 um) and megacolonies (=400 pm) generated from SCCCs in the self-renewal assay
shown in (F). Scale bar, 100 um.

(H) Schematic representation of paired CRC primary tumor (pT) and liver metastasis (Met) biopsies collection.

(I) Representative pictures (left) and immunohistochemical staining quantification (right) of DPPA3 in paired pTs and liver metastases (Met) of CRC patients.
Patients were categorized according to the percentage of nuclear DPPA3-positive cells into DPPA3-High (>20%, n = 41) and DPPA3-Low (<20%, n = 24). Scale
bar, 250 um; high-magnification scale bar, 25 pm.

(J) Percentage of nuclear DPPA3-positive cells in metachronous metastases analyzed in (I) according to the early (<2 years) or late (>2 years) relapse time of CRC
patients. Mean + SEM.

(C,D,F,G,l,and J) *p < 0.05, **p < 0.001,”**p < 0.0001, unpaired t test (C and J), one-way ANOVA (D), two-way ANOVA (F), chi-square exact test (G), and
paired t test (l). NES, normalized enrichment score; p, one-way ANOVA p value; RCCCs, rapid-cycling cancer cells. See also Figure S1 and Table S1.
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Figure 2. DPPAS3 overexpression identifies CRC patients with high risk of disease progression after treatment

(A) Pulse-chase experimental design to evaluate the chemoresistance of SCCCs in CRC cells growing in 3D cultures. After a DOX treatment, the accumulated
H2BeGFP signal in cells was diluted upon cell divisions revealing label-retaining cells (SCCCs). Vehicle (VH) or 5-fluorouracil (5FU) was added, after which
annexin-V (anx-V) staining was performed and subsequently analyzed by flow cytometry (FC).

(B) Percentage of apoptotic (left) SW1222 RCCCs and SCCCs and proportion of SCCCs (right) upon 5FU exposure. Mean + SD of triplicates.

(C) Percentage of apoptotic DPPA3 knockdown (shDPPA3) and control (shCTRL) RCCCs and SCCCs upon 5FU exposure. Mean + SD of triplicates.

(D) Experimental design (top) and colonies formation capacity evaluation (bottom) of control (shCTRL) and DPPA3 knockdown (shDPPA3) RCCCs and SCCCs
sorted from CRC SW1222-H2BeGFP organoids after 5FU exposure. Dots indicate the percentage of organoids grown embedded in each single Matrigel.
Mean + SD.

(E) Schematic representation of samples collection workflow.

(F) Representative pictures of indicated samples immunostained with DPPA3. Scale bar, 20 um.

(G and H) Bar plots showing percentage distributions of no responder (No resp.), intermediate responder (Interm. R.) and responder (Resp.) (G), and dead and
alive (H) LARC patients according to the percentage of nuclear DPPA3-positive cells in naive biopsies assessed in (F).

(legend continued on next page)
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Prompted by these results, we explored the clinical relevance
of DPPAS3 in CRC patients’ chemoresistance. The analysis of
DPPAS3 transcript levels in 53 baseline stage Il and Il CRC tu-
mors showed that high expression of DPPA3 (DPPA3-High, pa-
tients with a DPPA3 mRNA expression value above the overall
mean expression) predicted a worse progression-free survival
(PFS) in 5FU-treated CRC patients (Figures S1G and S1H).
Next, we interrogated human tissue rectal adenocarcinoma bi-
opsies prior to neoadjuvant chemoradiotherapy (pre-nCRT)
from a locally advanced rectal cancer (LARC) patient cohort
(Figure 2E; Table S2). The DPPAS3 analysis revealed a higher pro-
portion of patients with worse outcomes, such as treatment fail-
ure and poor disease survival, in the DPPA3-High group (>20%
DPPA3-positive cells) compared with the DPPA3-Low group
(Figures 2F-2H and S1l). Accordingly, the relapse-free survival
(RFS) and PFS curves showed that DPPA3-High patients pre-
sented worse outcomes than those categorized as DPPA3-
Low (Figures 21 and S1J). Importantly, RFS and PFS rates in
patients with a poor response to nCRT showed an equivalent
predictive outcome than those presenting high content of
DPPAB3-positive cells (Figures S1K and S1L), indicating its value
as early predictive biomarker of chemoradiotherapy resistance.
Altogether, this suggests that the presence of a high proportion
DPPAB3-positive cells in naive CRC tumors results in disease re-
lapses because of their therapy-resistant nature. Interestingly,
the proportion of DPPA3-positive cells was lower in tumors
post-treatment than in their corresponding paired pre-treated
LARC tumor biopsies (Figure 2J). This result indicates again
that tumors need to reduce the proportion of DPPA3-positive
cells to resume tumor growth and result in early relapse.

DPPABS restrains cell proliferation by repressing FOXM1
expression through DNA methylation

To decipher the underlying molecular mechanism by which
DPPAZ3 regulates the slow-cycling phenotype, we first generated
different cellular models. By comparing basal DPPA3 mRNA
expression levels across different CRC cell lines with the embry-
onal carcinoma cell line NTERA2 (NT2) as positive control, we
selected two CRC cell lines, HT29 and SW1222, to generate
DPPA3 gain-of-function models (DOX-inducible overexpression)
(Figures S2A-S2D). Note that despite high DPPA3 mRNA
expression levels observed in both overexpressing cell lines (Fig-
ure S2C), exogenous DPPA3 protein levels were like those of
NT2 cells (Figure S2E), indicating that gain-of-function models
preserve DPPAS3 physiological levels.

Next, we analyzed the gene-expression profile of SW1222-
DPPA3 and CTRL cells after 4 h (short-term) and 5 days (long-
term) of DPPA3-induction (DOX) in 2D and 3D cultures, respec-
tively (Figure 3A; Table S3). Focusing the GSEA in negatively
regulated biological processes in DPPA3 versus CTRL cells,
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we observed a downregulation of processes related to differen-
tiation, extracellular matrix, GPCR, and ion signaling in the short-
term DPPA3-induction condition (Figure 3A). In contrast, long-
term DPPAS-induction condition analysis was negatively
enriched in cell-cycle, DNA-repair, DNA-replication, translation,
and mRNA-processing processes (Figure 3A). Furthermore, the
gene-expression profile of long-term DPPAS3-induction condition
showed a negative enrichment of genes downregulated in the
Pan-Cancer SCCC signature,® recapitulating the downregulated
SCCC transcriptome (Figure 3B). In this line, a DPPA3-depen-
dent cell-cycle gene set (DPPA3_CELL_CYCLE_DW) generated
from a leading-edge analysis of cell-cycle-related gene sets
negatively enriched in DPPA3 cells was repressed in SCCCs
(Figure 3C; Table S4). Interestingly, target genes of the DREAM
complex, which has been largely described as a global repressor
of cell-cycle genes during quiescence,’* were downregulated in
DPPA3 and SCCCs (Figure 3D). These results suggest that
DPPAS represses the cell-cycle transcriptional program and de-
fines an SCCC identity.

The repression of gene sets related to cell-cycle and DNA
replication observed only in the long-term DPPAS3-induced con-
dition suggested that time is needed to downregulate prolifera-
tion, raising the hypothesis of an epigenetic reprogramming
involving DNA methylation. A genome-wide methylome analysis
revealed a global demethylation phenotype in DPPAS long-term
overexpressing cells because of decreased chromatin DNMT1
levels, as previously described for DPPA3'® (Figures S2F-
S2H). In addition, DPPA3 overexpression promoted an enrich-
ment of both hypermethylated and hypomethylated CpG sites
in distal intergenic regions, but an impairment at promoters (Fig-
ure S2I). An integrative analysis between methylation and gene
expression data in DPPA3 versus CTRL cells showed a slightly
stronger and consistent negative correlation trend between
methylation and gene expression in the context of the
DPPA3_CELL_CYCLE_DW gene set compared with all other
significantly downregulated genes (Figure S2J). A detailed anal-
ysis of overall 5mC levels of the FOXM1 gene, known as a cell-
cycle progression stimulator, revealed a significantly hyperme-
thylated probe in its +1-Kb promoter region when DPPA3 was
overexpressed (Figure 3E). Consequently, FOXM71 mRNA
expression was downregulated in SCCCs and SW1222 and
HT29 DPPAS cells, resulting in decreased chromatin FOXM1
levels (Figures 3F and 3G). Finally, DPPAS cells treated with
the DNMT1 inhibitor, 5-azacytidine, confirmed that FOXM1
repression was methylation dependent (Figure 3H).

Accordingly with these results, FOXM1 target genes® were
negatively enriched in DPPA3 and SCCC cells (Figures 3l and
S2K). Among these genes, we confirmed a downregulation of
CDK1 and CDK2 in SW1222 and HT29 DPPA3 cells, respec-
tively, and a reduction of nuclear CCNA2 and CCNB1 levels in

(I) Relapse-free survival (RFS) curves of LARC patients according to the percentage of nuclear DPPA3-positive cells in naive biopsies assessed in (F). Cox

proportional hazards model.

(J) Immunohistochemical staining quantification of DPPA3 in paired pre-nCRT biopsies and post-nCRT tissues of LARC patients.

(G-J) Patients were categorized according to the percentage of nuclear DPPA3-positive cells into DPPA3-High (>20%) and DPPA3-Low (<20%) groups. (B-D,
G, H, and J) *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, two-way ANOVA (B, left, C, D), unpaired t test (B, right), Fisher’s (G) and chi-square (H) exact
tests, and paired t test (J). ADK, adenocarcinoma; Cl, confidence interval; dil, dilution; HR, hazard ratio; LARC, locally advanced rectal cancer; nCRT, neoadjuvant

chemoradiotherapy; w, week. See also Figure S1 and Table S2.
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both DPPAS cell lines (Figures 3J, 3K, S2L, and S2M). Conse-
quently, SW1222 DPPAS cells showed a delay in the G2/M
phase of the cell cycle, whereas HT29 DPPAS cells were delayed
in the S-G2/M phases (Figures 3L and S2N). Finally, we
concluded that the minor difference observed in cell-cycle phase
delay between the two cell lines was probably due to the differ-
ence in CDK2 and CDK1 levels, which mainly regulate the S and
G2/M phases, respectively (Figure 3M). Finally, unaltered H2AX
phosphorylation (y-H2AX) levels upon DPPA3 overexpression
discarded a delay in G2/M as a result of a DNA-damage
response induction (Figures S20 and S2P).

In summary, DPPA3-overexpressing cells maintain a FOXM1
hypermethylation, leading to reduced expression of factors
required for cell-cycle progression at late phases (Figure 3M).

DPPAS3 xenografts recapitulate chemoresistance of

CRC patient’s tumors with high DPPA3 content

Next, we evaluated the ability of DPPAS3 xenograft models to repli-
cate the chemoresistance observed in human CRC tumors with
high content of DPPA3-positive cells. First, we confirmed that sub-
cutaneous DPPA3 xenografts continued to express the exoge-
nous factor throughout tumor growth (Figure S3A). Subsequently,
we conducted immunohistochemistry analysis to validate the
categorization of DPPA3 xenografts as DPPA3-High and CTRL xe-
nografts as DPPA3-Low. This was achieved by comparing their
DPPAS3-positive cell content with that of primary tumors from pre-
viously analyzed CRC patient cohorts (Figures 1, 2, and S3B). By
using heterotopic and orthotopic mouse models, we observed
that DPPA3 overexpression in SW1222 and HT29 xenografts
significantly reduced tumor and lung metastases growth
(Figures 4A-4D). DPPAS3 overexpression increased the proportion
of small versus large metastases without significantly affecting the
metastatic capacity of the cells (Figures 4C, 4D, and S3C). Accord-
ingly with in vitro results, the percentage of nuclear CCNB1-posi-
tive cells was reduced in SW1222 and HT29 DPPA3 xenograft
models, explaining the tumor growth differences observed without
significant changes in proliferation (Ki67) and apoptosis
(caspase-3) marker levels (Figures 4E, 4F, and S3D-S3G).
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Based on the findings indicating reduced DPPA3-positive cell
content in post-nCRT rectal adenocarcinoma samples (Fig-
ure 2J), we opted to explore the impact of 5FU on DPPA3 levels.
5FU treatment increased both exogenous and endogenous
DPPAS protein levels in both cell lines despite no concurrent up-
regulation of mMRNA levels (Figures 4G-41 and S3H). Using the
maximum chemotherapy doses tolerated by NOD-SCID mice,
we observed that whereas 5FU treatment delayed tumor xeno-
graft growth of both CTRL cell models, DPPA3 tumors were
resistant to treatment, consistent with data from CRC patients
(Figure 4J). Again, histological analysis confirmed no significant
differences in proliferation (Ki67) and apoptosis (cleaved-cas-
pase-3) marker levels between CTRL and DPPA3 tumors in the
vehicle condition (Figures S3I and S3J). Interestingly, although
no significant differences in proliferation (Ki67) were observed
between the chemotreated and vehicle CTRL and DPPA3 xeno-
grafts, a slight trend toward increased apoptosis was observed
in partially sensitive CTRL tumors in response to 5FU. This trend
did not reach statistical significance, probably because of the
histological assessment at the endpoint of the experiment
(Figures S3land S3J). In contrast, we detected increased endog-
enous DPPA3 protein levels in chemotreated CTRL tumors
(Figures 4K and 4L), confirming prior in vitro observations.
Although these results apparently contradict data obtained
from CRC patients, we must consider that DPPAS3 analysis per-
formed on human CRC samples was done on tissues whose
treatment had already been withdrawn (Figure 2E). Therefore,
these data suggest that, in response to 5FU, DPPA3 accumu-
lates in cancer cells, leading to an increase of DPPA3-positive
cells in xenografts that would be eliminated upon treatment
withdraw.

Finally, we investigated whether DPPA3 was involved in pro-
tecting cells from chemotherapy-induced death as observed in
SCCC. We examined the survival dynamics of SW1222 cells
exposed to 5FU for 24 h and analyzed their apoptosis over a re-
covery period by assessing cleaved-caspase-3 levels (Fig-
ure 4M). Induction of cleaved-caspase-3 peaked at 72 h after
5FU treatment in CTRL cells, whereas DPPA3 cells showed a

Figure 3. DPPAS sustains a slow-cycling phenotype by promoting a G2/M-phase delay

(A) Experimental design (top) and chord diagram (bottom) showing the significant biological functions negatively enriched in SW1222 cells overexpressing DPPA3
for4 h (4 HDW) or 5 days (5 D DW), respectively, compared with CTRL cells. Biological functions were determined from GSEA results based on curated gene sets.
Sample conditions are shown on the top and biological functions on the bottom of the chord diagram. Top-bottom connections indicate biological functions in
each sample condition.

(B-D) GSEA plots showing enrichment of the indicated gene sets in DPPA3 versus CTRL cells (B and D, left) and SCCCs versus RCCCs (C and D, right).

(E) Line plot showing the methylation levels in the different probes (HumanMethylationEPIC chip) for the FOXM1 gene in SW1222 DPPAS3 or control (CTRL) cells.
Significant differentially methylated position (DMP) (adjusted p value [adj.pval] < 0.05 and absolute difference in p values > 0.25) is indicated with a red line and box.
(F) gRT-PCR analysis showing the expression of FOXM1 in indicated cells.

(G) Experimental design (top) and western blots (bottom) showing FOXM1 levels in indicated CRC cell lines.

(H) Experimental design (top) and qRT-PCR analysis (bottom) showing the expression of FOXM1 in CRC SW1222-DPPAS cells treated with vehicle (VH) or
5-azacytidine (AZA) at indicated concentrations.

(I) GSEA plots showing enrichment of the WIERSTRA_FOXM1_TARGETS gene set in DPPA3 versus CTRL cells (left) and SCCCs versus RCCCs (right).

(J and K) Experimental design (top) and western blots (bottom) showing CDK1 (J), CDK2 (J), CCNA2 (K), and CCNB1 (K) levels in indicated CRC cell lines.

(L) Experimental design (top) and cell-cycle analysis by flow cytometry (bottom) of indicated CRC cell lines. Donut charts show percentage distribution of the cell-
cycle phases. Dashed arrows indicate the delayed cell-cycle phase.

(M) Schematic diagram summarizing the molecular mechanism by which DPPA3 overexpression delays the cell cycle in S-G2/M phases promoting a slow-
cycling phenotype.

(F, H, and L) Mean + SD of triplicates. (F and H) “p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, unpaired t test (F) and one-way ANOVA (H). (G, J, and K)
Numbers show quantification by densitometry, which were normalized by their corresponding loading control. FC, fold change; Me, CpG methylation; r.u.,
relative units. See also Figure S2 and Tables S3 and S4.
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Figure 4. CRC xenografts overexpressing DPPA3 are chemoresistant

(A) Tumor growth curves of the indicated subcutaneous xenografts (n = 4-6 xenografts per condition).

(B) Tumor weight of orthotopic xenografts injected in cecum mice (n = 14-17 tumors per condition).

(C and D) Representative pictures (C) and metastases quantification evaluated by CK20 immunohistochemical staining (D) of lungs from mice orthotopically
injected with HT29 CTRL and DPPAS3 cells. Bar graphs show percentage of large (>30 cells), medium (5-30 cells), and small (<4 cells) metastatic CK20-positive
foci per lung. Scale bar, 2.5 mm; high-magnification scale bar, 250 um.

(E and F) Representative pictures (E) and immunohistochemical staining quantification (F) of CCNB1 in indicated subcutaneous xenografts from (A). Scale bar,
20 um.

(G) Experimental design (top) and western blots (bottom) showing exogen DPPAS3 levels (FLAG) in indicated CRC cell lines.

(H and I) Representative immunofluorescence pictures (H) and quantification (I) of nuclear endogenous DPPA3 (enDPPAJ) levels in indicated cell lines. Scale bar,
20 pm.

(J) Tumor growth curves of the indicated subcutaneous xenografts from vehicle- (VH) or 5FU-treated mice (n = 8-12 xenografts per condition).

(K and L) Representative pictures (K) and immunohistochemical staining quantification (L) of nuclear endogenous DPPAS in indicated subcutaneous xenografts
from (J). Scale bar, 20 um.

(legend continued on next page)
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decrease during the recovery period. In contrast, SW1222
shDPPA3 showed an opposite effect (Figure S3K). However,
the impact of 5FU on SW1222 shDPPA3 cell viability did not
translate into increased chemotherapy efficacy in vivo (Fig-
ure S3L), probably because of the small proportion of DPPAS3-
positive cells in SW1222 xenografts (Figure S3B).

From these experiments, we concluded that xenografts over-
expressing DPPAS3 reproduce the chemoresistant phenotype
observed in CRC patients carrying tumors with a high proportion
of DPPA3-positive cells.

DPPA3 mediates a hypoxia response in human CRC
tumors

Structural prediction suggests that DPPA3 lacks tertiary struc-
ture and is predominantly composed of intrinsically disordered
regions.”®?’ As such, it lacks any pocket that could be targeted
by small-molecule drugs. Therefore, given the “undruggability”
of DPPAS, we investigated potential vulnerabilities of DPPA3-
overexpressing cells. To this end, we turned again to the gene-
expression profile of SW1222-DPPA3 and CTRL cells, but this
time we focused the GSEA in positively regulated biological pro-
cesses (Figure 5A). Processes related to RTK signaling, protein
maturation, membrane trafficking, tumor malignancy, and lyso-
somal activity were positively enriched in the short-term and
long-term DPPAB-induced conditions versus control cells (Fig-
ure 5A). In addition, a positive enrichment of the ubiquitin sys-
tem, mitochondria, and metabolism-related processes was
observed exclusively in the short-term DPPA3-induced condi-
tion, whereas hypoxia was positively enriched only in the long-
term DPPAS3-induced condition. Furthermore, the gene-expres-
sion profile of the long-term DPPA3-induced condition showed
that genes upregulated in the Pan-Cancer SCCC signature®
were positively enriched in DPPAS cells, recapitulating the upre-
gulated SCCC transcriptome as we observed with downregu-
lated genes (Figure S4A).

Among the different biological processes upregulated by
DPPA3, hypoxia was identified as a potential vulnerability of
DPPAS3 cells, because it has been linked to chemoresistance.®
Consistent with the upregulation of a hypoxia-responsive gene
program in SCCC,? immunofluorescence assays revealed that
SCCC areas were enriched in the CA9 hypoxia response marker
(Figures 5B and 5C). Interestingly, downregulation of DPPA3
reduced CA9 levels in areas enriched in SCCC, indicating that
DPPA3 is required to maintain the SCCC hypoxia response
(Figures 5B and 5C). Furthermore, a custom DPPA3-dependent
hypoxia gene set (DPPA3_HYPOXIA_UP) generated from a lead-
ing-edge analysis of hypoxia-related gene sets enriched in
DPPA3 cells was positively enriched in SCCCs, suggesting a
role of DPPAS in mediating the SCCC hypoxia response (Fig-
ure 5D; Table S5).

To assess the clinical relevance of these findings, we
explored the relationship between DPPA3, hypoxia, and che-

¢ CellP’ress

OPEN ACCESS

moresistance in human CRC samples. We observed a positive
correlation between the percentages of CA9- and DPPA3-
positive cells in equivalent-sized CRC-patient-derived xeno-
grafts (PDXs) (Figures 5E and 5F), suggesting that hypoxia
might be an intrinsic feature of CRC tumors with high content
of DPPAS-positive cells. We next generated a distinctive
robust gene expression signature of DPPA3 (DPPAS Sig) by
an integrative analysis of gene-expression profiles obtained
from our SW1222 gain- and loss-of-function cell models (Fig-
ure S4B and S4C; Table S6). The DPPAS signature was signif-
icantly enriched in tumors from CRC patients subtyped as
mesenchymal (CMS4), which has been previously associated
with hypoxia and poor prognosis®®?° (Figure 5G). Conse-
quently, DPPAS3-signature enrichment in naive tumors from
this CRC cohort predicted significantly shorter PFS in the sub-
set of patients who underwent 5FU-based adjuvant chemo-
therapy but was not predictive in the subset of non-chemo-
treated patients (Figures 5H and S4D). Notably, the
predictive value of the DPPAS3 signature was independent of
other patient factors, including age, sex, tumor stage, and
location (Figure S4E). Furthermore, the DPPA3_HYPOXIA_
UP gene set was positively enriched in DPPA3-signature-en-
riched tumors among chemotreated patients (Figure 5I).
These data are evidence that enrichment in the DPPAS signa-
ture co-occurs with the upregulation of a hypoxia response in
naive CRC chemoresistant tumors, conditioning disease
progression.

Prompted by these findings, we evaluated the role of DPPA3 in
the hypoxia response regulation in a chemotherapeutic setting.
To this end, DPPA3 gain- and loss-of-function cell models
were used, and HT29-shDPPA3 and shCTRL cell lines were
included (Figure S4F). We observed that, compared with control
cells, DPPA3 overexpression enhanced hypoxia response in
SW1222 and HT29 cell lines in vehicle and 5FU conditions (Fig-
ure 5J). In contrast, in vehicle condition, hypoxia response was
impaired in both SW1222 DPPAS loss-of-function models, but
not in HT29 shDPPAS3 cells, probably because of the very low
amount of endogenous DPPABS in this experimental setting (Fig-
ure 5J). Interestingly, the hypoxia response was clearly impaired
in all DPPA3 loss-of-function cell models upon chemotherapy
(Figure 5J). Altogether, we could conclude that DPPA3 induction
by chemotherapy (Figures 4 and S3) is required to a proper
induction of the hypoxia response upon treatment in CRC
(Figure 5).

Immunohistochemical analysis of post-nCRT rectal adenocar-
cinomas (LARC patients) revealed a higher percentage of CA9-
positive cells in post-treatment samples that presented a high
proportion of DPPA3-positive cells in naive biopsies (pre-
nCRT) (Figure 5K). This result also suggests that DPPA3 medi-
ates a sustained hypoxia response in tumors, which results in
a post-hypoxia memory following chemotherapy that may
contribute to disease progression in cancer patients.

(M) Experimental design (top) and western blots (bottom) showing cleaved-caspase-3 (CASP3) levels in indicated cells after 24 h of 5FU treatment and different

recovery time points.

(A, B, F,I,J,and L) Mean + SEM. *p < 0.05, **p < 0.01, ™*p < 0.001, ***p < 0.0001 unpaired t test for each cell line (B, F, I, and L), unpaired t test at experiment
endpoint (A), and two-way ANOVA at experiment endpoint (J). (G and M) Numbers show quantification by densitometry, which were normalized by their cor-

responding loading control. See also Figure S3.
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Figure 5. DPPAS3 overexpression and hypoxia response program are concomitant in chemoresistant CRC tumors

(A) Experimental design (top) and chord diagram (bottom) showing the significant biological functions positively enriched in SW1222 cells overexpressing DPPA3
for4 h (4 HDW) or 5 days (5 D DW), respectively, compared with CTRL cells. Biological functions were determined from GSEA results based on curated gene sets.
Sample conditions are shown on the top and biological functions on the bottom of the chord diagram. Top-bottom connections indicate biological functions in
each sample condition.

(B and C) Representative pictures (B) and quantification (C) of double-GFP (SCCC) and CA9 immunofluorescence staining of paraffin-embedded colonies and
megacolonies pellets grown from indicated cell lines. Experimental design is shown in Figure 1A, diluting H2GeGFP for 12 days. Hoechst was used as coun-
terstain. Scale bar, 50 pm; high-magnification scale bar, 20 um.

(D) GSEA plot showing enrichment of our hypoxia-customized gene set (DPPA3_HYPOXIA_UP) in SCCCs versus RCCCs.

(E and F) Representative pictures (E) and immunohistochemical staining quantification (F) of DPPA3 and CA9 in CRC-patient-derived xenografts (PDXs).
Scatterplot shows the correlation between the percentages of CA9-positive versus DPPA3-positive cells in samples analyzed in (E). Scale bar, 100 um; high-
magnification scale bar, 20 pm.

(legend continued on next page)
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HIF1« downregulation partially rescues the cell-cycle
progression by reducing DPPAS3 levels

We next sought to understand how DPPAS regulates the hypox-
ia-response pathway. No changes in HIFTA expression levels
were detected in SW1222 DPPA3 cells (Figure S5A). Instead,
we observed a drastic reduction of HIF1a ubiquitinated forms,
without major changes in the HIF1a hydroxylation status
(Figures 6A and S5B). Furthermore, SW1222 DPPAS loss-of-
function cell models showed decreased HIF1a levels and
increased ubiquitinated forms, confirming requirement of
DPPA3 for the proper regulation of HIF1a post-translational
modifications and protein degradation (Figure S5C). In contrast,
no changes in HIF1a levels or its ubiquitinated forms were
observed in HT29 shDPPAS3 cells, again probably because of
their low levels of endogenous DPPA3 expression (Figure S5C).
Importantly, DPPA3 overexpression promoted HIF1a protein
accumulation even under normoxia (Figure 6B), confirming that
DPPAS controls HIF1a protein stabilization.

Next, we evaluated the impact of DPPAS3 on the expression
of HIF1a/hypoxia-regulated target genes. DPPA3 overexpres-
sion significantly increased CA9 promoter activity in hypoxia
(Figure S5D). In contrast, no promoter activity was observed
when the hypoxia-response element (HRE) sequence was
mutated, supporting that DPPA3 mediates the expression of
genes containing HIF1a binding sites (HREs) (Figure S5D).
Accordingly, a volcano plot analysis of genes with promoters
containing HIF1a-binding motifs revealed specific canonical
HIF1o target genes upregulated in SW1222 DPPAS3 cells,
including LDHA, SLC2A1, CA9, and VEGFA (Figure 6C;
Table S7). Indeed, we confirmed by gRT-PCR that these four
canonical HIF1a-target genes were upregulated by DPPA3
overexpression in both SW1222 3D cultures and tumor xeno-
grafts (Figures 6D and S5E). Furthermore, we observed that
DPPA3 was required for a full increase of SLC2A1, CA9 and
VEGFA expression levels (Figure 6D), indicating its direct role
in regulating the hypoxia-responsive gene program. These
data reveal that DPPA3 contributes to the efficient response
of CRC tumor cells to hypoxia by regulating HIF1a. stabilization
and function.

Because our findings evidenced that DPPA3 mediates the
hypoxia response in SCCCs (Figure 5), we sought to study the
impact of hypoxia on the regulation of DPPAS3 expression. Inter-
estingly, knockdown HIF1A in the SW1222 DPPA3 cell line
decreased exogenous DPPA3 protein levels in both normoxia

¢ CellP’ress

OPEN ACCESS

and hypoxia (Figures 6E and S5F), confirming that HIF1a plays
a role in modulating DPPAS levels. The analysis of DPPA3 pro-
moter activity, which contains a putative HRE, showed no differ-
ence between normoxia and hypoxia, discarding its transcrip-
tional regulation by hypoxia (Figure S5G). In contrast, we
observed an increased stabilization of the exogenous DPPA3
mRNA levels upon hypoxia, indicating a post-transcriptional
regulation (Figure S5H). Accordingly, exogenous DPPA3 mRNA
and protein levels increased (Figures S51 and S5J). Importantly,
downregulation of HIF1A in SW1222 DPPAS cells led to a partial
rescue of chromatin FOXM1 levels, which in turn caused a partial
recovery of CDK1, CCNA2, and CCNB1 protein levels
(Figures 6F-6H). Consistent with these results, a partial rescue
of cell-cycle progression from G2/M to the G1 phase was
observed when HIF1A was knocked down in SW1222 DPPA3
cells (Figures 6l and S5K).

In summary, our results uncover a DPPA3-HIF1a feedback
loop regulation that mediates the slow-cycling phenotype in
CRC cells and highlight HIF1¢ as a potential vulnerability of che-
moresistant DPPA3-overexpressing cancer cells.

HIF1« depletion sensitizes DPPA3-overexpressing
cancer cells to chemotherapy

To validate HIF1a as a potential therapeutic target to overcome
chemoresistance linked to the slow-cycling phenotype, we first
interrogated SCCCs. Pulse-chase experiments demonstrated
that HIF1A reduction sensitized SCCCs to chemotherapy
(Figures 7A and S6A). Next, we moved on to in vivo experi-
ments. We observed an increase in SW1222 DPPA3 tumor
growth when HIFTA was knocked down in vehicle condition
(Figure 7B).

Importantly, these faster-growing tumors (DPPA3-shHIF1A)
restored sensitivity to chemotherapy, whereas control xeno-
grafts (DPPA3-shCTRL) maintained resistance.

Accordingly, reduction of HIF1A increased the percentage of
nuclear CCNB1-positive cells in DPPA3 xenografts compared
with DPPA3 shCTRL ones (Figures 7C and 7D). Consequently,
HIF1A reduction sensitized DPPA3 chemoresistant tumors to
5FU treatment by inducing cell death, although elimination of
cancer cells was incomplete (Figures 7B, 7E, and 7F). Note
that HIF1A reduction failed to fully revert the slow tumor prolif-
eration phenotype observed in DPPA3 xenografts, because tu-
mors did not reach the size of SW1222 CTRL (shCTRL and
shHIF1A) tumors, confirming our previous results of partially

(G) Violin plot showing the DPPA3-signature enrichment score (ES) of the GEO: GSE39582 CRC cohort (n = 451) according to its molecular subtypes. CMS1, MSI,
immune; CMS2, canonical; CMS3, metabolic; CMS4, mesenchymal.

(H) Progression-free survival (PFS) percentage curves of chemotreated (CT) CRC patients (GEO: GSE39582) according to the DPPA3-signature ES. Samples with
ES in the upper quartile were classified as “high.” Cox proportional hazards model.

(I) GSEA plot showing the positive enrichment of DPPA3_HYPOXIA_UP gene set in patients with a Super-High DPPA3 (upper 20%, n = 40) versus a Super-Low
DPPA3 (lower 20%, n = 40) signature ES from the GEO: GSE39582 CT CRC cohort.

(J) Experimental design (top) and western blots (bottom) showing CA9 levels in indicated cell lines treated with vehicle (VH) or 5FU. Numbers show quantification
by densitometry, which were normalized by their corresponding loading control.

(K) Representative pictures (left) and immunohistochemical staining quantification (right) of CA9 in indicated LARC patient samples post-nCRT. Bar plots show
the percentage of CA9-positive cells according to the low or high content of nuclear DPPA3-positive cells in naive biopsies (pre-nCRT) analyzed in Figure 2. Scale
bar, 100 um.

(C, G, and K) *p < 0.05, ™**p < 0.0001, two-way ANOVA (C), one-way ANOVA (G), and unpaired t test (K). (C and K) Mean + SEM. (F and K) Patients were
categorized according to the percentage of nuclear DPPA3-positive cells into DPPA3-High (>20%) and DPPA3-Low (<20%). n, number of samples; r, correlation
coefficient. See also Figure S4 and Tables S5 and S6.
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Figure 6. DPPAS3 regulates HIF1« stabilization and is required for an efficient hypoxia response
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(A) Experimental design (top) and western blots (bottom) showing HIF1a levels and its ubiquitinated forms (HIF1a-Ub) in indicated cell lines.

(B) Experimental design (top) and western blots (bottom) showing HIF1a. total levels in indicated cell lines.

(C) Volcano plot showing HIF1 target genes differentially expressed in SW1222 DPPAS versus control (CTRL) cells (x axis) against their significance (p value, y

axis).

(D) Experimental design (top) and expression of the indicated genes (bottom) evaluated by gRT-PCR in indicated cell lines cultured in 3D. Mean + SD of triplicates.

****p < 0.0001, one-way ANOVA for each gene evaluated.
(E-H) Experimental design (top) and western blots (bottom) showing indicated protein levels.

(I) Experimental design (left) and cell-cycle analysis by flow cytometry (right and bottom) of indicated CRC cell lines. Donut charts show percentage distribution of

the cell-cycle phases. Dashed arrows indicate the delayed cell-cycle phase. Mean + SD of triplicates.

(B and E-H) Numbers show quantification by densitometry, which were normalized by their corresponding loading control. See also Figure S5 and Table S7.

rescued phenotype when HIF1A was reduced in DPPA3 cells tive feedback loop regulation between DPPA3 and HIF1a
(Figures S6B, S6C, and S6D). Using a very restrictive threshold  observed in vitro (Figures 7G and 7H). Consequently, such in-
in immunohistochemical analysis, we observed that 5FU treat-  duction of DPPA3 upon 5FU treatment was accompanied by
ment increased DPPAS protein levels in DPPA3 shCTRL xeno- an accumulation of CA9-positive cells, again impaired by
grafts but did not upon HIF1A reduction, supporting the posi- HIF1A reduction (Figures 71 and 7J). These results unveil
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Figure 7. HIF1a depletion partially recovers a chemosensitive proliferative phenotype in DPPA3 cells

(A) Percentage of apoptotic HIF1A knockdown (shHIF1A) and control (shCTRL) RCCCs and SCCCs upon 5FU exposure. Mean + SD of triplicates.

(B) Tumor growth curves of the indicated subcutaneous xenografts from vehicle (VH) or 5FU-treated mice. Mean + SEM (8-14 xenografts per condition).
(C-J) Representative pictures (C, E, G, and l) and immunohistochemical staining quantifications of CCNB1 (D), CASP3 (F), DPPA3 (H), and hypoxia response (J) in
indicated subcutaneous xenografts from (B) (n = 8-14 xenografts per condition). Scale bars, 20 um (C and G), 2.5 mm (E), and 250 um (E, high magnification, and I).
(A,B,D, F,H,and J) *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, two-way ANOVA (A, H, and J), two-way ANOVA at experiment endpoint (B), unpaired t
test (D and F). (D, F, H, and J) Mean + SEM. See also Figure S6.

HIF1a as a molecular vulnerability in DPPA3-overexpressing DISCUSSION

SCCCs, presenting a potential therapeutic opportunity to target

HIF1a in CRC patients with DPPA3-mediated chemoresistant  This study provides a piece in the research puzzle concerning the
tumors. underexplored area of non-genetic mechanisms of therapeutic
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resistance in cancer. Conventional chemotherapies and radiother-
apies target proliferating cells and require active cycling for
apoptosis induction. The “slow-cycliness” in cancer cells is there-
fore an inherent mechanism for resistance and cell survival to anti-
cancer therapies.”®*%*! Here we demonstrated that DPPA3 is
required to promote and sustain “slow-cycliness” in CRC cells,
leading to a chemoresistant phenotype. We showed that chemo-
resistant SCCCs accumulate upon 5FU treatment, suggesting
that these cells would exist prior to treatment. Supporting this
notion, Ohta et al.* used tracked cellular lineages to conclude
that a quiescent subset of CRC cells pre-exists as dormant entities
responsible for tumor regrowth after chemotherapy ceases. How-
ever, we also observed that 5FU upregulates nuclear endogenous
DPPAS levels, suggesting that cancer cells might be prone to enter
a slow-cycling state in response to therapy. Sharma et al.”
observed that SCCCs were able to resume proliferation and
restore drug sensitivity upon its withdrawal, suggesting a dynam-
ically reversible and regulated phenotype of the “slow-cycliness.”
In line with this, our results showed that isolated SCCCs retain col-
ony-forming capacity, indicating their reversible phenotypic plas-
ticity. Therefore, given the complexity of tumor heterogeneity, it
is highly probable that both phenomena, the pre-existing and the
chemotherapy-induced slow-cycling phenotypes, are not mutu-
ally exclusive but rather concomitant.

Interestingly, DPPA3 downregulation increased the ability of
SCCCs to form new and bigger colonies, indicating that its
reduction is required to resume cancer cell proliferation. This is
crucial in cancer patients because it would directly impact dis-
ease relapse and progression. Following cancer cell dissemina-
tion, some tumor types display early metastasis with high mortal-
ity rates, whereas others need time to initiate and expand a
lesion.®® This latency period is explained when a slow-cycling
or dormant phenotype is transposed to the metastatic cells.®®
In this context, our patient data showed that the content of
DPPA3-positive cells is reduced in detectable metastases, sup-
porting our results on self-renewal assays. Moreover, a high per-
centage of DPPAS3-positive cells in metastases correlated with
longer time to relapse, suggesting that DPPA3 must be turned
off to facilitate metastatic outgrowth. More importantly, our re-
sults also revealed that patients with naive tumors carrying a
high proportion of DPPA3-positive cells presented a reduced
proportion of these cells in the residual disease after anticancer
therapy, thus leading to a shorter time to relapse. In addition, we
demonstrated that DPPA3 is required to maintain SCCC viability
after chemotherapy exposure. Overall, our data support that
DPPAS3 protects cancer cells under anti-cancer treatment, but
once the insult is terminated, it must be cleared from the cells
to resume growth. The role of DPPAS3 on cancer therapy resis-
tance is also supported by the observations of Yan et al.,’®
who reported the chemoresistance of hepatocellular carcinoma
cell lines overexpressing DPPAS in in vitro assays. However, our
study demonstrates the role of DPPAS in regulating chemore-
sistance in cancer patient samples.

Slowed proliferation has been reported as one of the factors
causing hypoxia-related chemoresistance in solid tumors.** Our
results demonstrated that HIF1a represses cell proliferation by
upregulating DPPAS levels, which in turn downregulates FOXM1
in a DNA-methylation-dependent manner. Therefore, DPPA3-

14 Cell Reports 42, 112927, August 29, 2023

Cell Reports

overexpressing CRC cells may be prone to delay their proliferation
in response to hypoxia, fostering SCCCs emergence. These re-
sults are supported by multiple evidences that have demonstrated
a deep influence of hypoxia on cancer dormancy and “slow-cycli-
ness.”2%:%%:3¢ Consistent with the activation of a DPPA3-mediated
hypoxia-responsive gene program observed in SCCCs, our data
demonstrated that DPPA3 is required to preserve the hypoxia
response in SCCC. These results are in line with the data pre-
sented by Fluegen et al.>” suggesting that hypoxic microenviron-
ments within the primary tumor induce a dormant program that
gives rise to a subpopulation of chemoresistant latent tumor cells.
In this line, we demonstrated that a high DPPA3-positive cell con-
tent in naive tumors correlates with a post-treatment hypoxia-
response memory in the residual disease of CRC patients with
poor prognosis. Interestingly, downmodulation of HIF1A in
SCCCs and DPPAB-overexpressing xenografts partially sensi-
tized cancer cells to chemotherapy, highlighting HIF1¢.as a poten-
tial target to eliminate DPPA3-induced chemoresistant cells.
However, there are some contradictory reports indicating that
susceptibility of tumor cells to chemotherapy can be enhanced
by HIF1a overexpression.>® These contradictory observations
suggest that dichotomous functions of HIF1a. may depend on its
distinctive interactions with other factors in different tumor cell
types. Therefore, the DPPA3-HIF1« axis observed in CRC tumors
might not happen in other tumor types.

Overall, our data indicate that cancer cells in hypoxic niches
would enter in a slow-cycling phenotype more frequently in
DPPA3-High CRC tumors. When anticancer therapies impact
on hypoxia-response cancer cells, a vicious DPPA3-HIF1a-pos-
itive feedback loop would be engaged, promoting “slow-cycli-
ness” and sustaining cancer persistence.

Limitations of the study

We clearly demonstrated that DPPA3 overexpression in cancer
cells drives a chemoresistant slow-cycling phenotype associ-
ated with CRC poor prognosis. However, this current study
has several limitations. First, the poor lung implantation effi-
ciency of SW1222 cells upon tail-vein injection experiments,
together with a very low proportion of SCCCs in xenografts, pre-
vented the evaluation of their distinctive metastasis initiation ca-
pacity in vivo. Second, although we proved that DPPAS is essen-
tial for SCCC chemoresistance, its requirement was not able to
be demonstrated in xenograft models generated from our
parental cell lines because of their low endogenous DPPA3
expression, so further studies using DPPA3-High PDX models
will be warranted. Validation of HIF1« as a therapeutic target in
DPPA3-overexpressing xenografts was not fully completed.
When available, effective and safe HIF1a inhibitors should be
validated in our DPPA3-High PDX models.
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Rabbit polyclonal anti-Carbonic
Anhydrase IX/CA9

Rabbit monoclonal anti-CCNA2 [Y193]
Mouse monoclonal anti-CCNB1 [V152]
Rabbit monoclonal anti-CCNB1 [Y106]
Mouse monoclonal anti-CDK1 [A17]
Mouse monoclonal anti-CDK2 [D12]
Mouse monoclonal anti-CK20 [Ks20.8]

Rabbit polyclonal anti-Cleaved
Caspase-3 (CASP3) (Asp175)

Rabbit monoclonal anti-Cleaved
Caspase-3 (CASP3) (Asp175) [5A1E]

Rabbit polyclonal anti-DNMT1

Mouse monoclonal anti-Stella
(DPPA3) [3H5.2]

Mouse monoclonal anti-Stella
(DPPA3) [D-5]

Rabbit polyclonal anti-FLAG
Mouse monoclonal anti-FLAG [M2]

Rabbit monoclonal anti-FOXM1
[EPR17379]

Mouse monoclonal anti-GAPDH
[FF26A/F9]

Mouse monoclonal anti-GFP [B2]
Rabbit polyclonal anti-H3
Mouse monoclonal anti-HIF1a [54]

Rabbit monoclonal anti-Hydroxy-HIF1a
(Pro564) [D43B5]

Mouse monoclonal anti-KI67 [MIB-1]

Rabbit polyclonal anti-Lamin B1

Rabbit polyclonal anti-Phospho-
Histone H2A.X

Mouse monoclonal anti-a-Tubulin
(TUB) [DM1A]

Goat polyclonal secondary
anti-Mouse-HRP

Donkey polyclonal secondary
anti-Rabbit-HRP

Goat secondary anti-Mouse SignalStain
Boost IHC Detection Reagent (HRP)

Goat polyclonal secondary
anti-Mouse-Alexa Fluor 488

Goat polyclonal secondary
anti-Rabbit-Alexa Fluor 488
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Novus Biologicals

Abcam
Abcam
Abcam
Abcam
Santa Cruz Biotechnology
Agilent
Cell Signaling Technology

Cell Signaling Technology

EpiGentek
Millipore

Santa Cruz Biotechnology

Sigma-Aldrich
Sigma-Aldrich
Abcam

BioLegend

Santa Cruz Biotechnology
Abcam

BD Biosciences

Cell Signaling Technology

Agilent

Abcam
Cell Signaling Technology

Sigma-Aldrich

Thermo Fisher Scientific

Jackson ImmunoResearch Labs

Cell Signaling Technology

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#NB100-417; RRID: AB_10003398

Cat#ab32386; RRID: AB_2244193
Cat#ab72; RRID: AB_305751
Cat#ab32053; RRID: AB_731779
Cat#ab18; RRID: AB_2074906
Cat#sc-6248; RRID: AB_627238
Cat#M7019; RRID: AB_2133718
Cat#9661; RRID: AB_2341188

Cat#9664; RRID: AB_2070042

Cat#A1700
Cat#MAB4388; RRID: AB_2094156

Cat#sc-376862

Cat#F7425; RRID: AB_439687
Cat#F1804; RRID: AB_262044
Cat#ab207298

Cat#649202; RRID: AB_10612752

Cat#sc-9996; RRID: AB_627695
Cat#ab1791; RRID: AB_302613
Cat#610958; RRID: AB_398272
Cat#3434; RRID: AB_2116958

Cat#M7240; RRID:
AB_2142367

Cat#ab16048; RRID: AB_443298
Cat#2577; RRID: AB_2118010

Cat#T9026; RRID: AB_477593

Cat#G-21040: RRID: AB_2536527

Cat#711-035-152; RRID: AB_10015282

Cat#8125; RRID: AB_10547893

Cat#A-11001; RRID: AB_2534069

Cat#A-11008; RRID: AB_143165
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Goat polyclonal secondary
anti-Rabbit-Alexa Fluor 555

Thermo Fisher Scientific

Cat#A-21428; RRID: AB_2535849

Biological samples

Patient-derived xenografts (PDX)

Locally advanced rectal cancer (LARC)

Paired primary CRC tumors and
liver metastasis

Vall d’Hebron Institute of
Oncology (Puig et al.)®

Vall d’Hebron Institute of
Oncology (Serna et al.)*®

Vall d’Hebron Institute of Oncology

N/A

N/A

N/A

Chemicals, peptides, and recombinant proteins

Doxycycline hyclate (DOX)
5-azacytidine (AZA)
5-fluorouracil (5FU)

Corning® Matrigel® Basement
Membrane Matrix

Corning® Cell Recovery Solution

Polyethylenimine, linear, MW 25000,
transfection Grade (PEI)

Sucrose

Penicillin-Streptomycin Gibco™ (P/S)
Amphotericin B Gibco™ (Fungizone)
Kanamycin Sulfate Gibco™
Gentamicin Gibco™

Nystatin

Collagenase from Clostridium histolyticum
Deoxyribonuclease | from bovine pancreas
Protease inhibitor cocktail Roche
SDS

EDTA

HEPES

KClI

MgCl,

DTT

Triton X-100

Glycerol

NaCl

Tween 20

Bovine Serum Albumin (BSA)

4% Paraformaldehyde (PFA)
Hoechst 33342

Tris-base

Sodium citrate

Ribonuclease A

Propidium iodide

Trizol Reagent

Glutamine Gibco™

Y-27632

Puromycin dihydrochloride

TrypLE Express Enzyme

Sigma-Aldrich
MedChemExpress
Sigma-Aldrich
Cultek

Cultek
Polysciences, Inc.

Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Merck Millipore
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

PanReac AppliChem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Merck Millipore
Sigma-Aldrich

Santa Cruz Biotechnology
Sigma-Aldrich
Sigma-Aldrich

Merck Millipore
PanReac AppliChem
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat#D9891; CAS: 24390-14-5
Cat#HY-10586; CAS: 320-67-2
Cat#F6627; CAS: 51-21-8
Cat#45354277

Cat#45354253
Cat#23966-1; CAS: 9002-98-6, 26913-06-4

Cat#84100; CAS: 57-50-1
Cat#15140122; CAS: 69-57-8/3810-74-0
Cat#15290026; CAS: 1397-89-3
Cat#11578876; CAS: 25389-94-0
Cat#11520506; CAS: 1403-66-3
Cat#N4014; CAS: 1400-61-9
Cat#C0130; CAS: 9001-12-1
Cat#D4263; CAS: 9003-98-9
Cat#11836170001

Cat#436143; CAS: 151-21-3
Cat#324503; CAS: 6381-92-6
Cat#H0887; CAS: 7365-45-9
Cat#P3911; CAS: 7447-40-7
Cat#M8266; CAS: 7786-30-3
Cat#A1101; CAS: 3483-12-3
Cat#T79284; CAS: 9036-19-5
Cat#G7893; CAS: 56-81-5
Cat#59888; CAS: 7647-14-5
Cat#817072; CAS: 9005-64-5
Cat#A3059; CAS: 9048-46-8
Cat#sc-281692; CAS: 30525-89-4
Cat#B2261; CAS: 875756-97-1
Cat#T15083; CAS: 77-86-1
Cat#106448; CAS: 6132-04-3
Cat#A3832; CAS: 9001-99-4
Cat#P4170; CAS: 25535-16-4
Cat#15596018

Cat#11539876; CAS: 56-85-9
Cat#Y0503; CAS: 129830-38-2
Cat#A111803; CAS: 58-58-2
Cat#12605036;
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Critical commercial assays

Dako Liquid DAB+ Substrate Agilent Cat#K3468
Chromogen System

Annexin V-APC eBioscience Cat#BMS306APC
QuickChange Lightning Multi Site-Directed Agilent Cat#210515
Mutagenesis Kit

Dual Luciferase reporter Assay System Promega Cat#E1910
PerfeCTa SYBR Green FastMix Quanta Biosciences Cat#733-1387
FastStart Universal SYBR Green Master Mix Roche Cat#4913850001
Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23227
SuperSignal West Pico PLUS Thermo Fisher Scientific Cat#34580
Chemiluminescent Substrate

GeneJET RNA Purification Kit Thermo Fisher Scientific Cat#K0732
Roche High Pure FFPE Micro Kit Merck Cat#4823125001
SuperScript lll Reverse Transcriptase Thermo Fisher Scientific Cat#18080093

Deposited data

Microarray expression data of
CRC patient samples

Marisa et al.*®

GEO: GSE39582

Microarray expression data of Puig et al.® ArrayExpress: E-MTAB-4004
SCCCs and RCCCs
Microarray expression data This paper GEO: GSE207862
DPPA3 models
MethylationEPIC array data This paper ArrayExpress: E-MTAB-12892
DPPA3 models
Experimental models: Cell lines
Human: SW1222 Laboratory of Prof. RRID: CVCL_3886

Meenhard Herlyn
Human: NTERA-2 Laboratory of Dr. RRID: CVCL_0034

Maria Abad
Human: DLD1 ATCC Cat#CCL-221; RRID: CVCL_0248
Human: HCA7 ECACC Cat#06061902; RRID: CVCL_0289
Human: HCT116 ATCC Cat#CCL-247; RRID: CVCL_0291
Human: HT29 ATCC Cat#HTB-38; RRID: CVCL_0320
Human: RKO ATCC Cat#CRL-2577; RRID: CVCL_0504
Human: SW480 ATCC Cat#CCL-228; RRID: CVCL_0546
Human: SW620 ATCC Cat#CCL-227; RRID: CVCL_0547

Human: HEK293T

Laboratory of Dr. Sandra Peird

RRID: CVCL_0063

Experimental models: Organisms/strains

Mouse: NOD-SCID
(NOD.CB17-Prkdc®“/NcrCrl)
Mouse: NOD-SCID
(NOD.CB17-Prkdcsc@/s°9/Rj)

Charles River

Janvier Laboratories

Strain code: 394

N/A

Oligonucleotides

CRISPR sgRNA DPPA3 Forward:
CACCGTTTAATCCAACCTACATCCC

CRISPR sgRNA DPPA3 Reverse:
AAACGGGATGTAGGTTGGATTAAAC

CRISPR sgRNA Scramble Forward:
CACCGGCACTACCAGAGCTAACTCA

CRISPR sgRNA Scramble Reverse:
AAACTGAGTTAGCTCTGGTAGTGCC
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Thermo Fisher Scientific

Thermo Fisher Scientific

OriGene

OriGene

http://crispr.mit.edu

http://crispr.mit.edu
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Cat#GE100003
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CRISPR DPPAS exon 1 screening
Forward primer:
AGATATGACATCCGACAGATTAT

CRISPR DPPAS3 exon 1 screening
Reverse primer:
CCCCTATAGTCAGATAGTCAAGAA

hDPPA3 promoter cloning
Forward primer:
5-CCGCTCGAGGTGTTGGGACA
TGATCTATGC

hDPPA3 promoter cloning
Reverse primer:
5-CCGAAGCTTGCGTCTTGA
CACAACACTAGG

hDPPARS cloning Forward primer:

5'-TTTGCTAGCTACCGAGGAGATCTGCC

hDPPAS cloning Reverse primer:

5'-GGTTAATTAAACAGCTATGACCGCGG

CTRL shRNA targeting sequence:
CCGGCAACAAGATGAAGAGCACCA
ACTCGAGTTGGTGCTCTTCATC
TTIGTTGTTTTT

DPPAS shRNA targeting sequence:
CCGGCCATGTGTCTTAGAAGCCCA
ACTCGAGTTGGGCTTCTAAGACAC
ATGGTTTTTTG

HIF1a shRNA targeting sequence:
CCGGCGGCGAAGTAAAGAATCT
GAACTCGAGTTCAGATTCTTTAC
TTCGCCGTTTTT

hCA9 promoter cloning
Forward primer:
5-CCGCTCGAGACCTGC
CCCTCACTCCAC

hCA9 promoter cloning
Reverse primer:
5-GGGAAGCTTGGCTGA
CTGTGGGGTGTC

CA9 promoter HRE mutagenesis
oligonucleotide:
GCTCTCGTTTCCAATGCTGGTA
CAGCCCGTACACAC

CA9 PCR Forward primer:
5-GGCTACAGCTGAACTTCCGA
CA9 PCR Reverse primer:
5-AATTCAGCTGGACTGGCTCA
DPPA3 PCR Forward primer:
5'-CTACATCCCAGGGTCTCC
DPPA3 PCR Reverse primer:
5-TGATAGTCAAGTTACTAAGGTTCT
exDPPA3-FLAG PCR Forward primer:
5'-CAAGACACCAAGCCACTTC

exDPPA3-FLAG PCR Reverse primer:
5-CGTCGTCATCCTTGTAATCC

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos
Custom oligos

Cat#SHC202

Cat#TRCN0000172771

Cat#TRCNO0000003810

Custom oligos

Custom oligos

https://www.agilent.com/store/
primerDesignProgram.jsp

Custom oligos
Custom oligos
Custom oligos
Custom oligos
Custom oligos
Custom oligos

(Continued on next page)
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FOXM1 PCR Forward primer:
5'-TGCAGCTAGGGATGTGAATCTTC

FOXM1 PCR Reverse primer:
5-GGAGCCCAGTCCATCAGAACT
HIF1A PCR Forward primer:
5-TTCCTTCTCTTCTCCGCGTG
HIF1A PCR Reverse primer:
5-ACTTATC CTTGTCGTTCGC
LDHA PCR Forward primer:
5-ACGTGCATTCCCGATTCCTT
LDHA PCR Reverse primer:
5-GGGGGTCTGTTCTTCCTTTAGA
PPIA PCR Forward primer:
5-CTCCTTTGAGCTGTTTGCAG
PPIA PCR Reverse primer:
5-CACCACATGCTTGCCATCC
SF3A1 PCR Forward primer:
5'-TAAGCCAGTTGTGGGGAT
SF3A1 PCR Reverse primer:
5-GGGGTTGTTGATCTCGTT
SLC2A1 PCR Forward primer:
5-TGGCATCAACGCTGTCTTCT
SLC2A1 PCR Reverse primer:
5-AGCCAATGGTGGCATACACA
TBP PCR Forward primer:
5-CGGCTGTTTAACTTCGCTTC
TBP PCR Reverse primer:
5-CACACGCCAAGAAACAGTGA
VEGFA PCR Forward primer:
5-CATTGGAGCCTTGCCTTG

VEGFA PCR Reverse primer:
5-CGCTGATAGACATCCATG

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Custom oligos

Recombinant DNA

Plasmid: pSpCas9(BB)-2A-GFP (px458)
Plasmid: TetON-PGK-rtTA2-P2A-Cherry

Plasmid: TetON-DPPA3-FLAG-PGK-
rtTA2-P2A-Cherry

Plasmid: pCMV6-Entry
Plasmid: pCMV6-DPPA3

shRNA lentiviral: pLKO1-puro-shCTRL
(non-silencing)

shRNA lentiviral: pLKO1-puro-shDPPA3
shRNA lentiviral: pLKO1-puro-shHIF1A
pSIN-TRE-H2BeGFP-rtTA2

psPAX2

pMD2.G

Vector: pCR4-TOPO

Plasmid: pEZX-PF02.1

Luciferase reporter vector: pGL3 basic

Renilla Luciferase control reporter
vector: pRL-TK

Ran et al.*’

From Dr. Stephan Tenbaum
This paper

Origene
Origene
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

(Puig et al.)®

From Dr. Didier Trono laboratory
From Dr. Didier Trono laboratory
Thermo Fisher Scientific
Genecopoeia

Promega

Promega

Addgene plasmid #48138
N/A
N/A

Cat#PS100001
Cat#RC214676
Cat#SHC202

Cat#TRCN0000172771
Cat#TRCN0000003810
Addgene plasmid #165494
Addgene plasmid #12260
Addgene plasmid #12259
Cat#450071
Cat#HPRM38943-PF02
Cat#E1751

Cat#E2241
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Software and algorithms

GSEA software Broad Institute https://www.gsea-msigdb.org/gsea/index.jsp;
RRID: SCR_007073

R The R Foundation https://www.r-project.org/;

GraphPad Prism 8

7900 SDS 2.4.1 software

QuantStudio 6 Flex Real-Time PCR
System software

NDP.view 2

QuPath

FIJI Imaged

BioRender: Scientific image and
illustration Software

NIS-Elements Advanced Research

FCS 5 express software

nSolver 2.0

Partek Genomics Suite 6.6

GraphPad Software Inc.

Applied Biosystems

Applied Biosystems

Hamamatsu

University of Edinburgh

Schindelin et al.*’

Shiz Aoki, CEO and Co-founder

Nikon

De Novo Software

Nanostring

Partek inc

RRID: SCR_001905
https://www.graphpad.com/scientific-
software/prism/; RRID: SCR_002798

Applied Biosystems 7900HT Fast Real-Time
PCR System | Thermo Fisher Scientific - ES
QuantStudio 6 and 7 Flex Real-Time PCR
System Software | Thermo Fisher Scientific - ES;
RRID: SCR_020239
https://www.hamamatsu.com/eu/en/product/
life-science-and-medical-systems/digital-
slide-scanner/U12388-01.html
https://qupath.github.io/;

RRID: SCR_018257
https://imagej.net/software/fiji/downloads;
RRID: SCR_002285
https://www.biorender.com/;

RRID: SCR_018361
https://www.microscope.healthcare.nikon.com/
products/software/nis-elements/nis-elements-
advanced-research; RRID: SCR_002776
https://denovosoftware.com/;

RRID: SCR_016431
https://nanostring.com/products/analysis-
solutions/nsolver-advanced-analysis-software/;
RRID: SCR_003420
https://www.partek.com/partek-genomics-suite/;
RRID: SCR_011860

RESOURCE AVAILABILITY

Lead contact

Further information and reasonable requests for resources and reagents should be directed to and will be fulfilled by the lead contact,

Isabel Puig (ipuig@vhio.net).

Materials availability

All unique cell models and plasmids generated and described in this study are available from the lead contact with a completed ma-
terials transfer agreement upon reasonable request.

Data and code availability

® Microarray expression and methylationEPIC array data that support the findings of this study have been deposited at Gene
Expression Omnibus (GEO) under accession code GEO: GSE207862 and ArrayExpress under accession code ArrayExpress:
E-MTAB-12892, respectively, and are publicly available as of the date of publication. Previously published microarray expres-
sion data of SCCC s and RCCCs that was reanalyzed here is available at ArrayExpress under accession code ArrayExpress:
E-MTAB-4004. Previously published microarray expression data of CRC patient samples reanalyzed here is available at GEO
under accession code GEO: GSE39582.
® This paper does not report original code.
o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Cell lines

Human SW1222 colorectal cancer (CRC) cells (RRID: CVCL_3886) were kindly provided by Prof. Meenhard Herlyn, NTERA-2 (NT2;
RRID: CVCL_0034) testicular embryonal carcinoma cell line by Dr. Maria Abad and HEK293T (RRID: CVCL_0063) cell line by Dr. San-
dra Peir6. Other human CRC cell lines used were DLD1 (#CCL-221; RRID: CVCL_0248), HCT116 (#CCL-247; RRID: CVCL_0291),
HT29 (#HTB-38; RRID: CVCL_0320), RKO (#CRL-2577; RRID: CVCL_0504), SW480 (#CCL-228; RRID: CVCL_0546), and SW620
(#CCL-227; RRID: CVCL_0547) CRC purchased from American Type Culture Collection (ATCC). HCA7 (#06061902; RRID:
CVCL_0289) cell line was obtained from the European Collection of Authenticated Cell Cultures (ECACC). Cell lines were maintained
in Dulbecco’s modified eagle medium (DMEM; Biowest; #L.0102) supplemented with 10% Fetal bovine serum (FBS; Gibco; #10270-
106) (complete DMEM) and 1% penicillin/streptomycin (P/S; Life Technologies; #15140122) at 37°C in a humidified incubator with
5% COs,. Cells were used for experiments after culturing for fewer than 20 passages.

Mice

Experiments with mice were conducted following the European Union’s animal care directive (86/609/CEE) and were approved by the
Ethical Committee of Animal Experimentation of the VHIR - the Vall d’Hebron Research Institute (approval ID, 17/15 CEEA, 18/15 CEEA
and 12/18 CEEA). All animal used in this study are female NOD-SCID (NOD.CB17-Prkdc®*“/NcrCrl) or (NOD.CB17-PrkdcS¥s°“/Rj)
aged between 6-8 weeks (21-24g) and were purchased from Charles River (strain code: 394) and Janvier Laboratories. Mice were
randomized by tumor size, and those that died before the end of the experiments were excluded. Experiments were not performed
in a blinded fashion. All mice were closely monitored by authors, facility technicians and by a veterinary scientist responsible for animal
welfare. Mice were maintained in a specific-pathogen-free (SPF) facility under controlled temperature and humidity and given ad libitum
access to standard diet and water.

Patient-derived xenograft (PDX) establishment

Human colorectal carcinoma tissues were obtained upon surgery in accordance with the ethical standards of the institutional com-
mittee on human experimentation. Histological diagnosis was based on microscopic features of carcinoma cells determining the his-
tological type and grade. Cancer tissues were washed 3 times in cold PBS solution and incubated overnight in DMEM/F12 (Gibco;
Thermo Fisher Scientific) containing a cocktail of antibiotics and antifungals (penicillin (250 U/ml), streptomycin (250 pg/mL), fungi-
zone (10 ng/mL), kanamycin (10 pg/mL), gentamycin (50 ng/mL), and nystatin (5 ung/mL; Sigma-Aldrich). Enzymatic digestion was
performed using collagenase (1.5 mg/mL; Sigma-Aldrich; #C0130) and DNase | (20 ng/mL; Sigma-Aldrich; #D4263) in a medium sup-
plemented with a cocktail of antibiotics and antifungals (penicillin (250 units/ml), streptomycin (250 ng/mL), fungizone (10 pg/mL),
kanamycin (10 pg/mL), gentamycin (50 ng/mL), and nystatin (5 ng/mL)) during 1 h at 37°C with intermittent pipetting every 15 min
to disperse cells. The dissociated sample was then filtered (100 um pore size) and washed with fresh medium. Red blood cells
were lysed by 10 min exposure to ammonium chloride and the sample was washed again. Finally, 1x10° cells were resuspended
in 50 pL of PBS and mixed with 50 uL of Matrigel, and subcutaneously injected into NOD-SCID flank mice to generate subcutaneous
tumors further used for histological and RNA analysis.

Clinical cohorts

The study for patients’ VHIO samples was approved by the Vall d’Hebron University Hospital institutional ethical review board ac-
cording to the guidelines of the European Network of Research Ethics Committees, following European, national, and local laws.
Written informed consent was signed by all patients.

CRC primary tumor vs. liver metastases-VHIO cohort (private)

The percentage of nuclear DPPA3-positive cells was evaluated by immunohistochemistry on a tissue microarray containing 130
paired patient samples (“Method Details” section). Primary tumors presenting percentages of nuclear DPPA3-positive cells above
20% were considered “DPPA3-High” cases, and equal or under 20%, “DPPA3-Low” cases (Figure S1E). We compared percentage
of nuclear DPPAS levels of primary tumor samples with their matched liver metastasis from the same patient using paired t test
(n = 65) (Figure 11; Table S1). We then restricted the cohort to those patients with metachronous metastases (n = 27) to analyze
the percentage of nuclear DPPAS3-positive cells in two patient groups according to time to relapse (Figure 1J). Patients who relapsed
2 years or earlier from diagnosis were considered “early relapse” cases (<2y), and after 2 years, “late relapse” cases (>2y).

CRC patients-VHIO cohort (private)

DPPAS3 expression levels was evaluated by nCounter (“Method Details” section) on a high-risk stage Il or stage Ill CRC patient cohort
that received adjuvant chemotherapy and that had outcome data available (n = 53). Samples presenting DPPA3 mRNA expression
values above the overall mean expression were considered “DPPA3-High” cases, and equal or under the overall mean expression,
“DPPA3-Low” cases (Figure S1G). We performed Cox Proportional Hazards univariable modeling using GraphPad Prism 8 software
(Figure S1H). Progression-free survival (PFS) was defined as the time from diagnosis to relapse or death due any cause.

LARC patients-VHIO cohort (private)

The percentage of nuclear DPPA3 and CA9-positive cells was evaluated by immunohistochemistry on FFPE as described below
(“Method Details” section). Samples presenting percentages of nuclear DPPA3-positive cells above 20% were considered
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“DPPA3-High” cases, and equal or under 20%, “DPPA3-Low” cases (Figure S1l). The percentage of nuclear DPPA3-positive cells
was evaluated on 39 biopsies of rectal adenocarcinomas (ADK) from a cohort of locally advanced rectal cancer (LARC) patients®®
mostly of them treated with chemoradiotherapy (CRT) (Table S2). Treatment response to CRT was classified based on the tumor
regression system. We calculated the proportion of LARC patients who showed complete response (absence of residual invasive
tumor in the surgical resection specimen (GRO) or near complete response (GR1)), intermediate response (GR2), and no response
(GR3 to GR5) according to DPPA3 percentages (n = 37) (Figure 2G). We also calculated the proportion of LARC patients who
were alive or dead according to DPPAS3 percentages (n = 39) (Figure 2H). We performed Cox Proportional Hazards univariable
modeling using GraphPad Prism 8 software (Figure 2l and S1J-S1L). Relapse-free survival (RFS) was defined as the time from diag-
nosis to relapse, and progression-free survival (PFS) was defined as the time from diagnosis to relapse or death due any cause. We
compared the percentage of nuclear DPPA3-positive cells of rectal adenocarcinoma biopsies before neoadjuvant chemoradiother-
apy (pre-nCRT) with their matched resected sample after treatment (post-nCRT) (n = 27) (Figure 2J). Finally, we analyzed the percent-
age of CA9-positive cells on rectal adenocarcinoma resected samples (post-nCRT) in two patient groups according to DPPAS3 per-
cenatges (n = 27) (Figure 5K).

PDX-VHIO collection (private)

The percentage of CA9-and nuclear DPPA3-positive cells were evaluated on a collection of 61 CRC patient-derived xenografts
(PDXs) by immunohistochemistry on a tissue microarray as described below (“Method Details” section). The percentage of nuclear
DPPA3-postive cells per CRC PDX was correlated with their corresponding CA9 staining (Figure 5F).

GSE39582 (public)>®

Affymetrix Human Genome U133 Plus 2.0 Array data was downloaded from GEO website (https://www.ncbi.nlm.nih.gov/geo). We
used Partek Genomics Suite 6.6 software (Partek Inc.) to normalize raw CEL files using RMA algorithm. Normalized expression values
were used to compare the expression between the respective patient samples. The DPPAS signature enrichment score (Sig ES) was
calculated and samples at the upper quartile were classified as “DPPAS Sig ES High” while the rest were classified as “DPPA3 Sig ES
Low”. We calculated the DPPA3 Sig ES by subtracting the median intensity of the signature downregulated genes from the median
intensity of the signature upregulated genes across all samples and compared with consensus CRC subtyping label”® with 1-way
ANOVA test (Figure 5G). We applied the survival analysis to patients that received adjuvant chemotherapy (n = 200) or not
(n = 251) and that had outcome data available, corresponding to high-risk stage Il or stage lll cases. Progression-free survival
(PFS) was defined as months from diagnosis to relapse or death due to any cause. We performed Cox Proportional Hazards univari-
able and multivariable modeling using GraphPad Prism 8 software and R package survival, respectively (Figures 5H, S4D, and S4E).

METHOD DETAILS

Plasmids

All oligonucleotide and primer sequences used to generate all plasmids are described in the key resources table. For generation of
DPPA3-KO cell lines, a DPPA3-specific sgRNA oligo was cloned into the pSpCas9(BB)-2A-GFP (px458)*° expression vector (Addg-
ene, plasmid ID: 48138), which bicistronically expresses sgRNA and Cas9 nuclease, to generate the pSpCas9-sgRNADPPA3guide2-
2A-GFP construct. The DPPA3-specific sgRNA sequence (Figure S4B), which targets the first exon of DPPA3, was determined by the
CRISPR Design Tool (http://crispr.mit.edu) and validated by T7E1 endonuclease assay. SQRNA scramble sequence was obtained
from Origene. For generation of the lentiviral vector TetON-DPPAS3-FLAG-PGK-rtTA2-P2A-Cherry, the coding sequence of human
DPPA3 fused to CMYC and FLAG sequences was amplified from the pCMV6-DPPA3 plasmid (Origene plasmid ID: RC214676) by
PCR with specific primers containing Nhel and Pacl restriction sites. The resulting PCR product was then subcloned into the
Nhel-Pacl cut TetON-PGK-rtTA2-P2A-Cherry plasmid, kindly provided by Dr. Stephan Tenbaum, to obtain the final TetON-
DPPAS3-FLAG-PGK-rtTA2-P2A-Cherry construct (Figure S2B). shRNA knockdown control (shCTRL), against DPPAS3 transcript
(shDPPA3) (NM_199286.2) and against HIF1« (sh HIF1a) transcript (NM_001530) were performed using the pLKO1-puro TRC1,
1.5 and TRC2 Mission shRNA Lentiviral vector systems (Sigma Aldrich; #SHC202, #TRCN0000172771 and #TRCN0000003810,
respectively). Human CA9 promoter region (—1476/+42bp) and DPPA3 (NM_199286.4) promoter region (—977/+76bp) were ampli-
fied by PCR from the pEZX-PF02.1 plasmid (Genecopoeia; HPRM38943-PF02) and genomic DNA extracted from SW1222 cells,
respectively, using specific primers containing Xhol and Hindlll restriction sites. Amplified products were subcloned upstream of
a Firefly luciferase open reading frame into a Luc reporter pGL3 basic vector (Promega; #E1751). Site-directed mutagenesis at
core HRE sequence of human CA9 promoter has been previously used*” and was performed in the CA9promoter-pGL3 reporter
construct using the QuickChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies; #210515) following manufac-
turer’s instructions and verified by Sanger sequencing.

Generation of DPPA3 knockout cell lines

Primer sequences used to generate DPPA3 knockout cell lines are described in the key resources table. DPPA3 knockout (DPPA3
KO) and control (Scramble) cell lines were generated using CRISPR-Cas9 system. SW1222 cells were transfected with pSpCas9-
sgRNADPPAS3guide2-2A-GFP or pSpCas9-sgRNAscramble-2A-GFP constructs using linear polyethylenimine (PEI 25000, Poly-
sciences, Inc.; #23966). Forty-eight hours post-transfection, cells were pelleted and sorted using FACS Aria Il cell sorter (BD
BioSciences). Single cells were expanded to obtain individual clones. Given that DPPA3 protein levels are not detected in the
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SW1222 cell line (Figure S2E), we used a PCR-based screening strategy to validate our SW1222 DPPA3-KO models.*® Briefly,
genomic DNA was isolated from edited clones and non-edited SW1222 control cells. A 450bp fragment of exon 1 of DPPA3 was
amplified by PCR and products were analyzed by Sanger sequencing. To validate biallelic mutation in each clone, genomic DNA
was isolated from edited clones and non-edited SW1222 control cells. Exon 1 of DPPA3 was amplified by PCR and products
were A-tailed and cloned into pCR4-TOPO vector (Thermo Fisher Scientific; #450071) following the manufacturer’s instructions. Indi-
vidually cloned PCR products were then analyzed by Sanger sequencing (Figure S4B).

Generation of DPPA3-overexpressing and knockdown cell lines

In all cases, lentiviruses were produced in HEK293T cells using standard procedures and psPAX2 and pMD2.G (Addgene, plasmids
ID: 12260 and 12259, respectively; Dr. Didier Trono’s Laboratory) packaging vectors. Forty-eight after transfection, the supernatant
was collected and filtered. This supernatant was then used to transduce cells directly. To obtain SW1222 Histone2B fused to the
eGFP (H2BeGFP) clone, cells were transduced with lentiviruses expressing H2BeGFP protein® (0SIN-TRE-H2BeGFP-rTA2; Addg-
ene, plasmid ID: 165494). Afterward, single cells were expanded to obtain individual clones. For generation of the doxycycline (DOX)-
inducible DPPAS overexpressing (DPPAS3) cells, SW1222 and HT29 cells were transduced with lentiviruses expressing human DPPA3
protein fused with the sequences encoding CMYC and FLAG tags (TetON-DPPA3-FLAG-PGK-rtTA2-P2A-Cherry) (Figures S2B-
S2E). TetON-DPPA3-FLAG-PGK-rtTA2-P2A-Cherry plasmid generation is described above. SW1222 and HT29 cells infected with
the empty lentiviral vector (TetON-PGK-rtTA2-P2A-Cherry) were used as control cells. After transduction, cells were sorted using
fluorescence-activated cell sorting (FACS) with a FACS Aria Il cell sorter (BD BioSciences). Individual DPPAS3 clones were selected
from expanded single cells. Clones generated from DPPA3-overexpressing SW1222 or HT29 cells were used in all overexpression
experiments unless otherwise specified. DPPA3 knockdown SW1222-H2BeGFP and HT29 cells and HIF1« knockdown SW1222-
H2BeGFP, SW1222-DPPA3 and SW1222-CTRL cells were generated by expressing non-targeting shRNA (shCTRL) and DPPA3
TRC-shRNA (shDPPA3) or HIF1a. TRC-shRNA (shHIF1«) and selected with Puromycin (1 ug/mL; Thermo Fisher Scientific;
#A111803) (Figures S1D, S4F, S5F, S6A, and S6B). TRC-shRNA plasmids are described above.

Two-dimensional (2D) cell culture and hypoxia treatment

Cell lines were cultured in two dimensions and maintained in Dulbecco’s modified eagle medium (DMEM; Biowest; #L0102) supple-
mented with 10% Fetal bovine serum (FBS; Gibco; #10270-106) (complete DMEM) and 1% penicillin/streptomycin (P/S; Life Tech-
nologies; #15140122). Normoxic cultured cells were grown at atmospheric O, concentrations (21 %) with 5% CO,. Hypoxia treatment
of cells followed normoxic culture and consisted in the incubation of cells during 24 h in an atmosphere of 0.5% O,, 5% CO,, and
94.5% N, in a custom-made seal chamber which was filled with the gaseous mixture and then properly sealed and tempered at
37°C. After hypoxia treatment, protein or RNA extraction was performed. To induce DPPA3 expression, DPPA3 and control
SW1222 and HT29 cells were treated with 5 ug/mL of DOX (Sigma-Aldrich; #D9891). DOX treatment schedule for each experiment
is schematically depicted in Figure panels.

5-Azacytadine treatments in vitro

To assess the recovery of FOXM1 expression in SW1222-DPPAS cells, these were seeded in 2D and pretreated for 72h with 5 ng/mL
of DOX (Sigma-Aldrich; #D9891). On the day of treatment with 5-azacytadine (AZA; MedChemExpress; #HY-10586), cells were re-
freshed with DOX and then treated with AZA at 2.5 pm and 5 um for 72h when assayed the RNA expression.

Three-dimensional (3D) cell culture

SW1222-H2BeGFP pool and clone, DPPA3, shDPPA3, DPPA3 KO and respective control SW1222 cells were maintained in complete
DMEM and 1% P/S. Three-dimensional (3D) organoids embedded in Corning Matrigel Basement Membrane Matrix (Matrigel; Cultek;
#45354277) from SW1222 cells were generated from single-cells resuspended in complete DMEM and mixed 1:1 with Matrigel.
Drops of 25 uL of the mixture were seeded in culture plates and incubated for 30 min at 37°C without medium to allow the matrix
solidification. Then, complete DMEM was added and changed twice weekly. Cells were cultured until they reached a well-differen-
tiated heterogeneous organoids (3 weeks of culture) and were used for further analyses. For H2BeGFP and DPPAS overexpression
induction, 3D-organoids were treated with 5 ung/mL of DOX. DOX treatment schedule for each experiment is schematically depicted
in Figure panels.

Paraffin-embedded of 3D organoids pellet

DOX pulse-chased SW1222-H2BeGFP pool 3D organoids were removed from Matrigel using the ice-cold Corning Cell Recovery So-
lution (Cultek; #45354253) following the manufacturer’s protocol. Three-D organoids were rinsed three times with cold PBS and
centrifuged at 830g for 5 min without disturbing the pellet. The resulting mix of organoids pellet was fixed with 4% paraformaldehyde
(PFA; Santa Cruz Biotechnology; #sc-281692) at 4°C overnight. Then, the fixing solution was replaced with 70% ethanol and organo-
ids pellet was dehydrated and embedded in paraffin blocks. Finally, paraffin-embedded pellet sections were cut 4 um thick and
analyzed by fluorescent immunohistochemistry (IHC-F).
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SCCC chemoresistant assays

Parental and shCTRL/shDPPA3 or shHIF1A SW1222-H2BeGFP cells were grown in 3D-cultures as is described above. After a DOX
(5 ng/mL) pulse-chase treatment (9 days), cells were treated with 50 ug/mL of 5-fluorouracil (5FU) for an additional 7 days before
apoptosis was measured. Detailed treatments schedule for each experiment are schematically depicted in Figure panels. After treat-
ments, 3D organoids were recovered from Matrigel using the ice-cold Corning Cell Recovery Solution (Cultek; #45354253) following
the manufacturer’s protocol. 3D organoids were filtered through a 100 um cell strainer (Corning) to purify megacolonies and colonies,
which are collected from the cell strainer surface and dissociated using Tryple Express Enzyme (ThermoFisher Scientific; #12605036)
to obtain a single cell suspension. Finally, the proportion of apoptotic cells was determined using the Annexin V-APC kit
(eBioscience). Cells were analyzed by flow cytometer using a Navios Cytometer (Beckman Coulter).

SCCC self-renewal assays

shCTRL and shDPPA3 SW1222-H2BeGFP cells were grown in 3D-cultures and dissociated as is described in “SCCC chemoresist-
ant assays” method. Detailed treatments schedule for each experiment are schematically depicted in Figure panels. Single-cells
were resuspended in sorting medium: 4 mM Glutamine, 20% FBS, 1% penicillin/streptomycin, 10 uM Y-27632 (Calbiochem) diluted
in DMEM. DAPI was added to exclude dead cells in all cell suspensions. Live SCCC and RCCC were sorted using FACSAria Il cell
sorter (BD Biosciences). The population of cells retaining an H2BeGFP signal equivalent to that observed in cells continuously
exposed to DOX, were considered and sorted as SCCC (3-5%, Figure S1B). The RCCC fraction comprised around 10-20% of all
cells with an H2BeGFP signal one order of magnitude lower than the SCCC fraction. SCCC and RCCC were collected into sorting
medium and re-embedded in Matrigel as described in “3D cell culture” method. Matrigel-embedded 3D cultures were maintained
for up to 3-5 weeks. Organoids were counted under microscope according to their size: megacolonies (=400 um), colonies (399-
50 um), and minicolonies (<50 pm). 3D organoids forming units (%) were estimated according to the formula: number of struc-
tures/number of live cells plated x 100.

Luciferase reporter assay

CA9 promoter activity was analyzed by co-transfecting HEK293T cells with either pPCMV6-Entry or pCMV6-DPPA3 (NM_199286)
plasmids (Origene; ID: PS100001 and RC214676, respectively) together with the mutated (HRE mut) and non-mutated (WT) CA9p-
romoter-pGL3 reporter constructs. DPPA3 promoter activity was analyzed by transfecting DPPA3promoter-pGL3 construct in NT2
cells. In all cases, pRL-TK plasmid was co-transfected as reference (Promega; #E2241). Forty-eight hours after transfection, cells
underwent hypoxia treatment (0.5% O,) for 24h when indicated. Luc and RLuc activities were separately measured with the Dual-
Luciferase Reporter Assay System (Promega; #E1910) according to the manufacturer’s instructions. Luc activity was normalized
to RLuc. Experiments were performed in triplicates.

Protein extraction

Total cell extracts from cells were homogenized in SDS lysis buffer (1% SDS, 10 mM EDTA pH 8) containing protease inhibitors cock-
tail (Complete, Mini, EDTA-free protease inhibitor cocktail, Roche; Sigma-Aldrich; #11836170001). For subcellular fractionation, cells
were lysed in buffer A (10 mM HEPES pH 7.8, 10 mM KClI, 1.5 mM MgCl,, and 0.5 mM DTT) containing protease inhibitors cocktail for
10 min at 4°C. Then, 1/3 volume of 10% Triton X-100 was added. Samples were centrifuged at 15,000 g at 4°C for 1 min to separate
cytoplasmic and nuclear fractions. For cytoplasmic protein extraction, supernatant was incubated with 1/9 volume of buffer B (0.3M
HEPES pH 7.8, 1.4M KCI, and 30mM MgCl,) for 30 min at 4°C. Samples were centrifuged at 15,000 g at 4°C for 15 min and super-
natant (cytoplasmic fraction) was kept. For nuclear protein extraction, pelleted samples were washed twice in buffer A and resus-
pended in 1/5 volume of buffer C (20 mM HEPES pH 7.8, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA and 0.5 mM
DTT) for 30 min at 4°C. Then, samples were centrifuged at 15000 g for 15 min at 4°C. Pelleted chromatin was washed twice in buffer
C and resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA pH 8). Chromatin was sonicated for homogenization. Following protein
extraction, samples were quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific; #23227). Three-D organoids
were removed from Matrigel prior protein extraction using Corning Cell Recovery Solution (Cultek; #45354253) following manufac-
turer’s instructions.

Western blot analyses

Western blots were performed according to standard procedures. Briefly, samples were boiled at 95°C for 5 min. Lysates were sepa-
rated by SDS-PAGE and protein was transferred onto a nitrocellulose (BioRad; #1620115) or PVDF (Millipore; #IPVH00010) mem-
branes. Membranes were blocked with TBS, 0.1% Tween 20, and 5% non-fat milk or BSA (Sigma.Aldrich; #A3059), incubated over-
night at 4°C with corresponding primary antibodies (CA9 1/4000; CCNA2 1/1000; CCNB1 #ab32053 1/2000; CDK1 1/1000; CDK2
1/1000; cleaved-CASP3 #9664 1/1000; DNMT1 1/4000; DPPA3 sc-376862 1/100; FLAG 1/2000; FOXM1 1/1000; GAPDH
1/10000; H3 1/20000; HIF1a 1/1000; HIF1«-OH 1/10000; LMNB1 1/10000; and TUB 1/10000) and 1h at RT with HRP-conjugated
secondary antibodies (1/1000-1/10000) diluted in blocking solution, revealed using SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific; #34580), and visualized using X-ray films (FUJIFILM; #47410 19289) and Curix 60 processor
(AGFA) or Amersham Imager 600 (GE Healthcare).
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Fluorescent immunocytochemistry (IC-IF) staining

SW1222 and HT29 CTRL or DPPA3 cells were grown on coverslips. For DPPAS3 induction, cells were treated with 5 pg/mL of DOX for
5 days prior to fixation. For hypoxia treatment, cells were subjected to hypoxia 24h prior to fixation. Cells were washed with PBS and
fixed in 4% PFA (Santa Cruz Biotechnology; #sc-281692) for 15 min at RT. Cells were washed in 0.1% Tween 20 in PBS (PBST), fol-
lowed by permeabilization with 1% Triton X-100 in PBST for 1 h and 30 min at RT. Cells were blocked overnight in 4% donkey serum
in PBST at 4°C. Corresponding primary antibody (CCNB1 #ab72 1/200; DPPA3 #MAB4388 1/100; p-H2A.X 1/100) was added in 1%
donkey serum for 4 h at RT. Cells were washed in PBST and incubated with corresponding Alexa Fluor-conjugated secondary anti-
body (1/200) in 1% serum together with Hoechst 33342 (5 ug/mL; Sigma-Aldrich; #B2261) as counterstaining for 30 min at RT. Sam-
ples were washed with PBST and mounted using VECTASHIELD Mounting Medium (VECTOR laboratories; #H1000-10). A Nikon C2+
Confocal Microscope was used to visualize fluorescence and images acquired using NIS-Elements Advanced Research software
(Nikon).

Immunohistochemical (IHC) staining

Formalin-fixed paraffin-embedded (FFPE) tissues, tissue-microarrays (TMA) and paraffin-embedded megacolonies/colonies pellet
sections were routine deparaffinated, rehydrated and treated with 1mM EDTA, 10mM Tris-base, 0.05% Tween 20, pH 9 buffer for
GFP, CA9 and DPPAS stainings or with 10 mM sodium citrate pH 6 buffer, for Cleaved-Caspase 3, Kl67, CK20, and CCNB1. For
all antibodies, after blocking endogenous peroxidase activity, slides were permeabilized with 1% Tween 20 in PBS for 15 min.
Then, tissue specimens were blocked for 1 h with 3% BSA in PBS and incubated with corresponding primary antibodies (CA9
1/1000; CCNB1 #ab72 1/200; CK20 1/100; cleaved-CASP3 #9661 1/100; DPPAS #sc-376862 1/100 and KI67 1/100) diluted in block-
ing solution at 4°C overnight. For chromogenic detection, after washing, sections were incubated with corresponding HRP-conju-
gated secondary antibodies (1/250) for 1 h at RT. For DPPAS3 detection, a SignalStain Boost IHC Detection Reagent (Cell Signaling
Technology, #8125) was used. After washing, Dako Liquid DAB+ Substrate Chromogen System (Agilent; #K3468) was added onto
the slides and incubated up to 10 min. Finally, the slides were counterstained with hematoxylin, dehydrated, and mounted.
NanoZoomer 2.0-HT Digital slide scanner C9600 (Hamamatsu Photonics K.K.; RRID: SCR_021658) was used to acquire a high-res-
olution whole slide scanner of the immunostainings.

For fluorescent detection, after primary antibodies (CA9 1/1000; GFP 1/100) incubation and washes, slides were incubated with the
corresponding Alexa Fluor-conjugated secondary antibody (1/200; Thermo Fisher Scientific) for 1 h at RT. Hoechst 33342 (5 ng/mL;
Sigma-Aldrich; #B2261) was used as counterstaining to detect cell nuclei in all samples. After washing with PBS, slides were
mounted using VECTASHIELD Mounting Medium (VECTOR laboratories; #H1000-10). An Olympus FV1000 Confocal Microscope
(Olympus) was used to visualize fluorescence and images acquired using FluoView 4.2 (Olympus).

Cell cycle analyses

DPPA3 and control SW1222 and HT29 cells and DPPA3 shHIF1A, DPPA3 shCTRL and control SW1222 cells were cultured and
treated with 5 pg/mL of DOX (Sigma-Aldrich; #D9891) during 5 days to induce DPPA3 expression. Then, 1x10° cells were trypsinized
and resuspended in 0.5 mL of cold PBS followed by fixation with 1.5 mL of ice-cold absolute ethanol. Cells were washed with ice-cold
PBS and resuspended in 1 mL of ice-cold PBS. 100 pL of ribonuclease A (100 ug/mL, DNase free, PanReac AppliChem; #A3832)
were added to the samples at RT for 5 min. Then, 400 uL of propidium iodide (50 pg/mL in PBS, Sigma-Aldrich; #P4170) was added
and incubated at 4°C for 1 h. Finally, cells were pelleted and resuspended in 500 uL of ice-cold PBS. Cell cycle profile was analyzed
by flow cytometry using a Navios Flow Cytometer (Beckman Coulter) and FCS 5 express software (De Novo Software; RRID:
SCR_016431). Experiments were performed in triplicates.

DPPAS3 profiling of CRC PDX FFPE samples (nCounter)

The evaluation of DPPA3 expression in 53 CRC patient-derived xenografts (PDX-VHIO collection) of similar sizes was analyzed using
nCounter platform** (Nanostring Technologies; RRID: SCR_021712). Hematoxylin and eosin staining was performed in each FFPE
xenograft tissue. Areas enriched in tumor tissue were identified. A minimum of two 1-mm FFPE tumor tissue corres were collected.
RNA was purified using HighPure FFPE Micro Kit (Roche; #06650775001), and approximately 100 ng of total RNA was used to mea-
sure expression of DPPA3 using the NanoString Technologies nCounter Platform. Fluorescently labeled probe is designed for DPPA3
gene and allowed to hybridize to target RNA, and then captured and individual RNA molecules counted using color-coded probe
pairs. Raw data was log base 2 transformed and normalized using five house-keeping transcripts in the nSolver 2.0 software (Nano-
string; RRID: SCR_003420). DPPA3 expression values in the upper quartile were classified as High expression, while expression
values in the lower quartile were classified as Low.

RNA extraction

For RNA extraction of 2D cultures, cells were washed twice with PBS and lysed with 1 mL of Trizol reagent (Thermo Fisher Scientific;
#15596018). For RNA extraction of SW1222 3D-organoids embedded in Matrigel, cells were harvested using Corning Cell Recovery
Solution (Cultek; #45354253) following manufacturer’s instructions. Then, pelleted cells were collected into 1 mL of Trizol reagent. For
RNA extraction of tumor xenografts, snap-frozen samples were homogenized using a pestle in 1 mL of Trizol reagent. Cell lysates
from in vitro or in vivo experiments were mixed with 200 ul of RNase-free chloroform and incubated at RT for 2 min. The solution
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was centrifuged at 15,9009 for 15 min at 4°C and the supernatant was transferred to a new sterile 1.5 mL microtube and mixed with
500 pl of RNase-free isopropanol and incubated at RT for 10 min. RNA was precipitated by centrifugation at 15,9009 for 30 min at 4°C.
Pellets were washed once with 800 pl of 75% RNase-free ethanol and centrifuged at 15,9009 for 5 min at 4°C. After evaporation of
ethanol traces, pellet was gently resuspended in DEPC-water and quantified. Alternatively, RNA was extracted with GeneJET RNA
Purification Kit (Thermo Fisher Scientific; #K0732) according to manufacturer’s instructions.

RNA extraction from SCCC, RCCC and sRCCC

SCCC and RCCC RNA analyzed in this study was extracted previously® (Figure S1B) and is detailed as following. Matrigel-embedded
SW1222-H2BeGFP clone 3D-organoids were maintained on 5 ng/mL of DOX (Sigma-Aldrich; #D9891) medium for two weeks (pulse),
and then grown on DOX-free medium for additional 7 days (chase) (Figure S1A). Then, 3D-organoids were harvested using ice-cold
Corning Cell Recovery Solution (Cultek; #45354253) following manufacturer’s protocol and 3D colonies and megacolonies were
collected from the 100 pm cell strainer surface. After 3D colonies/megacolonies dissociation using trypsin-EDTA, single-cell pellet
was resuspended in sorting medium: 4 mM Glutamine, 20% FBS, 1% penicillin/streptomycin, 10 uM Y-27632 (Sigma-Aldrich;
#Y0508) diluted in CO2-independent medium. Finally, live SCCC, RCCC and sRCCC were sorted using FACSAria Il cell sorter
(BD Biosciences). The population of cells retaining an H2BeGFP signal equivalent to that observed in cells continuously exposed
to DOX, were considered and sorted as SCCC (Figure S1C). The RCCC fraction comprised around 10-20% of all cells with an
H2BeGFP signal one order of magnitude lower than the SCCC fraction. The gate of DOX-untreated cells was used to identify and
sort the sRCCC fraction. Finally, SCCC, RCCC and sRCCC were collected directly into Trizol reagent (Thermo Fisher Scientific;
#15596018) not exceeding 10% of its volume for RNA extraction. Total RNA of biological replicates was isolated following manufac-
turer’s instructions. RNA integrity was confirmed in an Agilent 2100 Bioanalyzer using RNA Nano- or Pico-chips. Total RNA was lin-
early amplified using Ovation Pico WTA System V2 (Nugen).

Gene expression profiles and analyses

Microarray gene expression analysis was performed on DPPA3, shDPPA3 and DPPA3 KO (clones C66 and C75) SW1222 CRC cells
and respective controls. For DPPAS3 long-term induction and loss-of-function models, cells were grown as 3D megacolonies/col-
onies embedded in Matrigel. For DPPAS short-term induction, cells were grown in 2D cultures. In the case of DPPA3 and respective
controls, cells were treated with 5 ng/mL of DOX (Sigma-Aldrich; #D9891) during the last 5 days to induce DPPA3 expression (Fig-
ure S4C). DPPAS short-induction condition and control cells cultured in 2D were treated with 5 ng/mL of DOX for 4 h.

Total RNA of biological triplicates was isolated by Trizol (Thermo Fisher Scientific; #15596018) extraction as described above.
Transcriptomes were determined on a genome wide GeneChip Human Gene 1.0 ST Array (HuGene-1_0-st-v1; Affymetrix;
#901087). RNA integrity was confirmed in an Agilent 2100 Bioanalyzer using RNA Nano-chips. Hybridization data was acquired using
the Affymetrix GeneChip/GeneTitan platforms. We used Partek Genomics Suite 6.6 software (Partek Inc.; RRID: SCR_011860) to
normalize raw CEL files in different combinations as indicated using Robust Multichip Average (RMA) algorithm. Normalized expres-
sion values were used to determine the fold change (FC) expression between the respective conditions (DPPA3 versus control (2D
and 3D conditions), shDPPAS3 versus shCTRL, and DPPA3 KO versus scramble) and its statistical significance in parametric two-
tailed paired sample t test (p value). To generate lists of differentially expressed genes between the indicated conditions, normalized
lists of differentially expressed genes between the indicated conditions were cut-off at + 1.2 FC between conditions and at a signif-
icance level of p value <0.05. Microarray expression data that support the findings of this study have been deposited at Gene Expres-
sion Omnibus (GEO) under accession code GSE207862. Gene set enrichment analyses (GSEA) and leading-edge analyses***® were
performed with GSEA software from the Broad Institute (http://www.broadinstitute.org/gsea; RRID: SCR_003199) and also using the
clusterProfiler R package (Bioconductor; RRID: SCR_016884). We used custom and publicly available gene sets (Molecular Signa-
tures Databases v6.2; http://www.broadinstitute.org/gsea; RRID: SCR_016863).

Custom gene sets used in Figure 3B (SCCC_PAN_CANCER_DOWNREGULATED), S4A (SCCC_PAN_CANCER_UPREGULATED),
3C (DPPA3_CELL_CYCLE_DW), and 5D and 5| (DPPA3_HYPOXIA_UP) are detailed in Puig et al.? and Tables S4 and S5, respectively.
Gene expression analysis of DPPA3 SW1222 (2D and 3D), SW1222 SCCC and RCCC previously generated in the laboratory®
(ArrayExpress: E-MTAB-4004), and GEO: GSE39582 CRC patients’ cohort were used to generate GSEA plots shown. Visualization
of the results were done using the Circlize and ggplot2 R packages. This includes enrichment scores in chord diagrams as well as a
volcano plot representing the differential expression of genes having at least one occurrence of the HIF 1« binding motif in their tran-
scription starting sites (HIF_Q3 and HIF_Q5 gene sets from Molecular Signatures Databases v6.2; http://www.broadinstitute.org/
gsea; RRID: SCR_016863) in SW1222 DPPAS3 versus control cells. DPPA3_CELL_CYCLE_DW and DPPA3_HYPOXIA_UP gene
sets were created grouping the genes present in the core enrichment of the leading edge analysis of the gene sets indicated in
Tables S4 and S5, respectively.

Quantitative RT-PCR analyses

To analyze the expression of selected genes in SCCC and RCCC, the resulting single-stranded DNA obtained from the total RNA
linearly amplified after RNA extraction was used as input (2 ng) for quantitative PCR (QPCR). To analyze expression genes from
cell lines, RNA integrity was checked by running an aliquot of the RNA sample on a denaturing agarose gel stained with ethidium
bromide. Extracted RNA was first DNase-digested (New England Biolabs) followed by RNA retrotranscription with SuperScript IlI
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Reverse Transcriptase (Thermo Fisher Scientific; #18080093) following manufacturer’s instructions. Analyses were carried out in
cDNA triplicates using PerfeCTa SYBR Green FastMix (Quanta Biosciences; VWR; #733-1387) or FastStart Universal SYBR Green
Master Mix (Roche Merck; #4913850001) in a 7900HT gPCR System (Applied Biosystems) or Quant Studio 6 Flex (Applied Bio-
systems) cyclers. Specific pairs of primers were designed (https://www.ncbi.nlm.nih.gov/gene/) and used to detect the indicated
transcripts, all sequences are described in the key resources table. Relative gene expression was determined by the comparative
Cr method.*” We applied geNorm algorithms.*”*® We applied geNorm algorithms“® to select TATA binding protein (TBP), peptidyl-
prolyl isomerase A (Cyclophilin A, PPIA) and Splicing Factor 3a Subunit 1 (SF3A7) as most stable reference transcripts. The geometric
means of the expression values for both housekeeping genes were used to normalize the expression and to calculate the normalized
SD of all transcripts analyzed. Experiments were performed in triplicates.

DPPAS3 gene expression signature

Based on the microarray gene expression analysis performed in DPPA3 (short-term (2D) and long-term (3D) induction), shDPPA3 and
DPPA3 KO (clones C66 and C75 (3D)) SW1222 CRC, we derived the DPPA3 gene expression signature (DPPA3 Sig) (Figure S4C). We
considered as DPPAS3-induced genes (50 in total) those positively regulated (>1.2 FC between conditions, p value <0.05) in DPPA3
cells that were common with those negatively regulated (<-1.2 FC between conditions, p value <0.05) in shDPPA3 or DPPA3 KO
(C66 and C75) cells in at least 3 of the 4 different conditions (shDPPA3 and DPPA3 KO (C66 and C75), and 3D and 2D-cultured
DPPAS3 cells) (Figure S4C). We considered as DPPAS3-repressed genes (32 in total) those negatively regulated (<-1.2 FC between
conditions, p value <0.05) in DPPA3 cells that were common with those positively regulated (> 1.2 FC between conditions, p value
<0.05) in shDPPA3 or DPPA3 KO cells in at least 3 out of the 4 different conditions (Figure S4C). All genes included in DPPAS Sig are
listed in Table S6. To apply the DPPAS Sig on the clinical cohort used (GEO: GSE39582), we calculated the median expression of the
50 DPPA3-induced genes minus the median expression of the 32 DPPA3-repressed genes in all patient samples. This calculation
generates a unique enrichment score (ES) for each sample. We selected the upper quartile to define positivity for the signature
(DPPA3 Sig High).

DNA extraction

Genomic DNA was purified from control or DPPAS3 overexpressing SW1222 cells cultured in 3D conditions (Figure S2F) using 500 pl of
0.5% SDS Lysis buffer (100 mM NaCl, 20 mM Tris pH: 8.0, 25 mM EDTA pH: 8.0, 0.5% SDS) and 50 pl (1 mg/mL) Proteinase K (Roche,
#03115801001) for 4 h at 56°C in gentle agitation to lysate the samples. A standard phenol-chloroform protocol for phase separation
and ethanol extraction as the precipitation step was performed for further sample processing. Briefly, 500 ul of the phenol — chloro-
form — isoamyl alcohol mixture (49.5:49.5:1) (Sigma-Aldrich, #77618) was added to the previous lysate and mixed until the sample
becomes homogeneous. The resulting solution was centrifuged at 15,900G for 5 min at 4°C and the supernatant was transferred
to a new sterile 1.5 microtube and mixed with 1/10 volumes of 3M sodium acetate and 2 volumes of DNAse-free ethanol. Samples
were freezed for 1 h at —80°C and centrifuged at 15,900G for 30 min at 4°C. The resulting supernatant was discarded and pellets were
washed once with 500 pl of 70% DNAse-free ethanol. A final centrifugation step at 15,900G for 5 min at 4°C was performed and su-
pernatants were discarded. Pellets were dried at 37°C for 15 min and were resuspended in DEPC-water.

DNA methylation analyses

DNA samples (500 ng each) were hybridized to the lllumina HumanMethylationEPIC BeadChip array platform following the lllumina
Infinium HD methylation protocol (lllumina, # 15019519) at the Spanish Centro Nacional de Genotipado (CEGEN-ISCIII, www.cegen.
org). Raw IDAT files were processed using the R/Bioconductor package minfi (version 1.22.1, RRID:SCR_012830), probe signals
were normalized using the ssNOOB algorithm with the default parameters (offset = 15, dyeCorr = TRUE and dyeMethod = “single”)
and probe type distribution was corrected using the BMIQ approach implemented in the R/Bioconductor package ChAMP (version
2.20.1, RRID:SCR_12891). Probes located in chromosomes X and Y, probes overlapping genetic variants (SNP137Common track
from UCSC genome browser), cross-reactive and multimapping probes and probes with at least one sample with a detection p value
>0.01 were discarded for downstream analyses. M-values were used for differential methylation analyses while B-values were used
for graphical visualization and for correlation analyses between DNA methylation and gene expression. Differentially methylated
probes (DMPs) were identified using the moderated t test implemented in the R/Bioconductor package limma (v.3.38.3,
RRID:SCR_010943). Resulting p values were corrected for multiple testing using the Benjamini-Hochberg method (FDR). An FDR
threshold of 0.05, and a minimum absolute difference of 0.25 between mean DNA methylation B-values of DPPA3 overexpressing
and control SW1222 cells was used as cut-off to determine significant DMPs.

DMPs were assigned to their corresponding genomic location using the R/Bioconductor packages llluminaHumanMethylationEPIC.
anno.im10b4.hg19 (v.0.6.0) and ChiPseeker (v.1.18.0, RRID:SCR_021322). The set of filtered probes (783,556) from the
HumanMethylationEPIC platformis represented as the background universe from the experiment. In addition, for each gene, the average
methylation value of all probes assigned to their promoter region was calculated for DNA methylation/gene expression integration
purposes.
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Subcutaneous tumor xenografts
1x10° DPPA3 and control HT29 or SW1222 cells, DPPA3 and control shC/shHIFTA SW1222 cells, and shDPPA3 and shCTRL
SW1222 cells were resuspended in 50 pL of PBS, mixed with 50 pL of Corning Matrigel Basement Membrane Matrix (Cultek;
#45354277) and injected subcutaneously into both mouse flanks. When tumors were detectable (within two weeks after the injection),
mice were treated with 2 mg/mL of doxycycline (DOX; Sigma-Aldrich; #D9891) ad libitum in drinking water containing 5% sucrose
(Sigma-Aldrich; #84100) to induce DPPA3 expression until experimental endpoint. In the chemoresistance experiments, chemo-
therapy treatment together with DOX administration started when tumors were detectable. Experimental groups were treated
with either vehicle or 40 mpk 5-fluorouracil (5FU; Sigma-Aldrich; #F6627) once per week by intraperitoneal injection. When matching
endpoint criteria, mice were euthanized, and parts of the xenograft tumors were snap-frozen for RNA extraction or fixed in parafor-
maldehyde for histological analysis. Tumor growth was monitored by caliper measurement three times per week and volume was
estimated using the following formula: V = (length x width®)/2, where length represents the largest tumor diameter and width repre-
sents the perpendicular tumor diameter.

Methodology used to generate cell lines (lentiviral transduction and antibiotic selection) and different Matrigel batches may result in
slightly differences in tumor growth rates between different experiments.

Orthotopic tumor xenografts

Female NOD-SCID mice were anesthetized with isoflurane, exteriorizing their cecum by a laparotomy.“® 1x10° DPPA3 and control
HT29 cells or 2x10° DPPA3 and control SW1222 cells were suspended in 50 uL. PBS and placed into the syringe. We slowly injected
the cell suspension, under a binocular lens and its 30G needle introduced 5 mm into the cecal wall. Then, we applied a slight pressure
with a cotton stick. We pulled the needle out and cleaned the area around the injection with saline solution. After injection, the gut was
returned to the abdominal cavity and closed with surgical suture.

To induce DPPAS expression, 5 days after injection, mice were treated with 2 mg/mL of DOX (Sigma-Aldrich; #D9891) ad libitum in
drinking water containing 5% sucrose (Sigma-Aldrich; #84100) until experimental endpoint. When matching endpoint criteria, mice
were euthanized and the cecum containing the primary tumor was extracted, weighed, and fixed for histological analysis. Lungs were
also extracted and fixed for histological analyses.

Image analyses

All representative fluorescence images shown in figures were chosen randomly from sets of images. For fluorescent immunocyto-
chemistry staining, image quantification was performed using QuPath open-source software (University of Edinburgh; https://
qupath.github.io/) Between five and six standard confocal images were taken for each coverslip. For CCNB1, DPPA3 and
YH2A.X quantification, cell nuclei were selected and the mean intensity of CCNB1 and DPPAS3 nuclear levels were analyzed.
Then, an average value was calculated from all nuclei analyzed in each image and represented as column scatterplots. For fluores-
cent immunohistochemistry staining, image quantification was done using FlJI ImageJ open-source software®' (https://imagej.net/
software/fiji/downloads; RRID: SCR_002285). Between six to ten standard confocal images were taken for each paraffin-section. For
CAQ9 quantification, GFP-positive (SCCC) and GFP-negative (RCCC) areas were selected as independent ROl (Region-Of-Interest).
For each image, red channel mean intensity (CA9) was measured for each selected ROI (SCCC and RCCC) and represented as col-
umn scatterplots.

Immunohistochemical images were obtained using the NDP.view 2 software (Hamamatsu) from whole digital slide scanner ac-
quired with NanoZoomer 2.0-HT (Hamamatsu Photonics K.K.; RRID: SCR_021658). Image quantification in chromogenic immuno-
histochemical analyses was performed using the QuPath open-source software (University of Edinburgh; https://qupath.github.io/;
RRID: SCR_018257). The percentage of tumor cells positive for CA9, DPPA3, Cleaved-CASP3, KI67, and CCNB1 staining of each
tumoral section was used for quantification. Same DAB intensity detection threshold was used to quantify all conditions within a sin-
gle experiment. To compare the percentage of DPPA3-positive cells between the different tumor models of this study (Figure S3B), a
random selection of cell line xenografts and patient tumors was quantified using the same DAB intensity detection threshold. For
CK20 quantification in orthotopic tumor xenograft models, CK20-positive tumor cells foci were counted in each lung section. Foci
containing <4 tumor cells were considered small, those having 5-30 tumor cells were considered medium whereas foci with >30
tumor cells were considered large. To calculate the metastasis index, the number of metastatic foci per lung was divided by weight
of the primary tumor. Hypoxia response index was calculated by dividing the percentage of CA9-positive cells by the tumor size.
Western blot quantifications were performed using FIJI ImageJ version 1.53q*" (https://imagej.net/software/fiji/downloads; RRID:
SCR_002285). The signal intensity for each protein band of interest analyzed was normalized to its corresponding loading control.
Fold change was calculated related to the corresponding control cell line or vehicle condition.

QUANTIFICATION AND STATISTICAL ANALYSIS
Only data that we were able to replicate in at least two independent experiments were included in the manuscript. For in vivo exper-
iments, animals were excluded only if they died or has killed according to protocols approved by the animal experimental commit-

tees. No statistical method was used to predetermine sample size. Data collection and analyses were not performed blinded to the
conditions of the experiments. Animals were randomized and treated as indicated in each experiment. Image from all xenografts
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were quantified in each experiment and each condition. For in vitro experiments, all samples were analyzed equally with no subsam-
pling. Data distribution was assumed to be normal but not formally tested.

The statistical significance of different groups of values obtained in several experiments across the work is described in each cor-
responding figure legend. In summary, statistical analyses were performed in GraphPad Prism 8 (GraphPad Software Inc.; RRID:
SCR_002798) using unpaired or paired 2-tailed Student’s t test to compare differences between 2 groups and 1- or two-way
ANOVA with multiple-comparisons test to compare 3 or more groups with one or two independent variables. Contingency tables
were statistically evaluated using Chi-squared or Fischer’s exact test. Statistical tests used for the analyses of transcriptomes (micro-
arrays) were performed in Partek Genomic Suite software (Partek Inc.). The Cox proportional hazards model was used for analyzing
significance in progression- and relapse-free survivals. Codes with asterisks were used to indicate different levels of statistical
significance: *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
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