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Summary

Breast cancer mortality results from incurable recurrences thought to be seeded by dormant,
therapy-refractory residual tumor cells (RTCs). Understanding the mechanisms enabling RTC
survival is therefore essential for improving patient outcomes. Here, we derive a dormancy-
associated RTC signature that mirrors the transcriptional response to neoadjuvant therapy in
patients and is enriched for extracellular matrix-related pathways. In vivo CRISPR-Cas9 screening
of dormancy-associated candidate genes identifies the galactosyltransferase B3GALT6 as a
functional regulator of RTC fitness. B3GALT®6 is required for glycosaminoglycan (GAG) linkage
to proteins to generate proteoglycans, and its germline loss-of-function in patients causes skeletal
dysplasias. We find that B3GALT6-mediated biosynthesis of heparan sulfate GAGs predicts

poor patient outcomes, promotes tumor recurrence by enhancing dormant RTC survival in
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multiple contexts, and does so via a B3GALT6-heparan sulfate/HS6ST1-heparan 6- O-sulfation/
FGF1-FGFR2 signaling axis. These findings implicate B3GALT6 in cancer and nominate FGFR2
inhibition as a promising approach to eradicate dormant RTCs and prevent recurrence.

eTOC blurb

Sreekumar et al. identify a previously uncharacterized function for the galactosyltransferase
B3galt6 in cancer, specifically enabling dormant residual tumor cell survival following therapy

or in a restrictive microenvironment by promoting heparan sulfate-mediated FGF signaling. These
findings implicate a poorly studied class of molecules, glycans, in breast cancer dormancy and
recurrence.
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Introduction

Despite advances in early detection and treatment, breast cancer remains the leading
cause of cancer-related deaths among women worldwidel. Mortality results predominantly
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from incurable recurrences that arise years, or even decades, following treatment of the
primary tumor (PT)%3. Since recurrent tumors arise from residual tumor cells (RTCs) that
survive therapy and may reside in a reversibly quiescent, non-proliferative state of cellular
dormancy?, depleting this critical pool of cells by targeting their survival mechanisms
represents an attractive approach to preventing breast cancer recurrence.

Dormancy has been observed in RTCs that survive therapy or that encounter a foreign
microenvironment following their dissemination from a PT®. Experimental models
recapitulating these paradigms of cellular dormancy include i) therapy-associated models
that mimic RTC survival following targeted therapy by downregulating or inhibiting
oncogenes such as Her:7, Wnt1’8, and Fgfr1® in genetically engineered mouse (GEM)
models, and ii) models that recapitulate interactions between RTCs and a foreign
microenvironment, such as the D2.OR-D2A1 paired cell line model10-12,

Recent data suggest marked similarities in dormant RTC gene expression profiles that

are independent of both the stimulus responsible for dormancy entry and the location of
RTCs at local or distant metastatic sites’-13. Consequently, investigating conserved, tumor
cell-autonomous elements of dormancy-associated gene expression signatures may provide
a tractable approach for identifying unique dependencies of dormant RTCs that could be
targeted to induce their elimination, thereby preventing recurrence.

Dormant tumor cells display cell-autonomous upregulation of ECM-related genes following

therapy

To identify mechanisms underlying dormant RTC survival and persistence, we developed
and characterized doxycycline-inducible genetically engineered mouse (GEM) models of
breast cancer®-8.14-19. These models of cellular dormancy? enable robust spatiotemporal
regulation of oncogenic signaling that parallel effects of targeted therapy, thereby permitting
study of the role of dormancy in spontaneous recurrence.

Dormant RTCs that survive PT regression induced by Her2 downregulation in MMTV-
rtTA, TetO-Her2/neu (MTB/TAN) mice®, or Wntl downregulation in MMTV.rtTA, TetO-
Whnt1 (MTB/TWNT) mice8, were previously isolated to generate gene expression
signatures’. Dormancy signatures from MTB/TAN and MTB/TWNT RTCs were highly
concordant, suggesting conserved elements of the dormant state’.

Dormancy-associated changes in gene expression in RTCs in vivo following therapy could
be imposed by the microenvironment or by cell-autonomous determinants. To identify
cell-autonomous regulators of RTC survival and dormancy, we cultured PT cells (PTCs)
from MTB/TAN mice in vitro (Fig. 1A). Maintaining Her2-dependent PTCs in the presence
of doxycycline induced Her2 expression and resulted in high levels of cell proliferation

at DO (baseline), as indicated by Ki67 expression and EdU incorporation (Fig. 1B, C).
Withdrawing doxycycline (Her2 deinduction) elicited the rapid decay of Her2 expression
and proliferation, with negligible levels observed at D7, D14, and D28, as well as increased
cell death. Importantly, re-addition of doxycycline to surviving RTCs at each of these time
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points (D7+, D14+, D28+; Her2 reinduction) rapidly restored Her2 levels and proliferation
to baseline levels (Fig. 1B, C). Thus, RTC quiescence is reversible, which is a sine qua non
of cellular dormancy, confirming that this system recapitulates key features of dormancy
observed in vivo’:14.20,

To identify a core set of dormancy-associated genes, we performed RNA-sequencing on
samples at baseline, deinduction, and reinduction time points. We evaluated whether gene
expression changes in vitro (DO vs. D28) are conserved with those occurring in RTCs in
vivo (PTCs vs. D28 RTCs)’. This revealed extensive overlap among downregulated genes
(hypergeometric p=7.20e-18) (Fig. S1A). As anticipated, gene ontology (GO) analysis of
the overlapping set of 471 downregulated genes identified marked enrichment for pathways
related to cell cycle, cellular biosynthesis, and translation (Fig. S1B).

We also found a highly significant overlap among genes upregulated during dormancy
in vitro (DO vs. D28) and in vivo (PTCs vs. D28 RTCs) (309 genes, hypergeometric
p=3.40e-60) (Fig. 1D). Intriguingly, GO analysis of this overlapping gene set identified
enrichment for multiple pathways related to the organization and metabolism of ECM
components (Fig. 1E). We refer to the overlapping in vivo and in vitro-derived up- and
down-regulated 780 gene set as the core RTC signature.

A core RTC dormancy signature recapitulates neoadjuvant therapy-associated gene
expression changes and predicts favorable outcomes in patients

To evaluate whether the core RTC signature exhibited by dormant tumor cells following
Her2 downregulation is clinically relevant, we interrogated data from six datasets of
paired gene expression profiles for primary breast cancers and residual tumors following
neoadjuvant therapy in patients21-27. Five of these six datasets displayed significant
enrichment for the core RTC signature post-therapy (Fig. 1F), even after excluding
proliferation-associated genes (Fig. S1C). Notably, enrichment for this signature was
independent of both the type (chemotherapy/endocrine therapy) and duration of therapy.
These findings indicate that therapy-refractory tumor cells that persist in patients exhibit
changes in gene expression similar to those associated with cellular dormancy in mice.

To evaluate the prognostic power of the core RTC signature, we performed a meta-analysis
of recurrence data derived from patients with breast cancer. We anticipated that the core
RTC signature might include genes whose expression was associated with better patient
outcome (e.g., pro-cell cycle arrest), as well as genes associated with worse patient
outcome (e.g., pro-RTC survival). Analogous to our prior observations employing an in
vivo RTC dormancy signature’, we found that early-stage patients whose PTs were enriched
for the core RTC signature exhibited a striking decrease in recurrence risk (HR=0.09;
p=3.8e-24), ostensibly reflecting an increased propensity of such tumors to display indolent
properties (Fig. S1D). This indicates that the core RTC signature is weighted towards

genes associated with better patient outcome, such as those promoting cell cycle arrest

as opposed to RTC survival. Notably, the association with recurrence risk was stronger

for the core RTC signature (HR=0.09) than the in vivo signature alone (HR=0.49)’, and
persisted following the removal of proliferation-associated genes (p=1.4e-16) (Fig. S1E).
Thus, the core signature reflects features of cellular dormancy beyond known regulators of
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proliferation. Since >75% of patient tumors in this dataset were estrogen receptor positive
(ER+), and more than two-thirds recurred at metastatic sites, our findings suggest that a
conserved RTC signature generated from locally-derived, ER-negative RTCs in mice can
identify mechanisms enabling RTC survival and recurrence for both distant recurrence and
ER+ disease’.

An in vivo ECM-focused loss-of-function screen identifies B3galt6 as a regulator of RTC

fitness

We reasoned that genes that were reversibly upregulated during dormancy could be involved
in promoting RTC dormancy and/or survival. To filter this gene set and identify those
specifically involved in RTC survival, we performed an in vivo CRISPR-Cas9-based loss-of-
function screen targeting a clustered set of genes enriched for ECM-associated GO terms
that displayed a reversible pattern of upregulation during in vitro dormancy (IVD) (Fig. 2A).
We designed a custom sgRNA library targeting 95 candidate genes with 4-5 sgRNAs each
(Table S1). An additional 53 sgRNAs included positive controls anticipated to be lethal to
proliferating cells (e.g., sgRpa3, sgPcna) and negative controls consisting of non-targeting
sgRNAs and sgRNAs targeting inert sites (e.g., sg/R0sa) (Fig. 2B).

After transducing Her2-dependent-Cas9 cells with this GFP-labeled sgRNA library at low
multiplicity of infection (MOI=0.3) and confirming that all sSgRNAs were represented within
GFP+ sorted cells (Fig. S2A), cells were orthotopically injected into mice. To assess SgRNA
selection during disease progression we allowed Her2-driven PTs to form, then withdrew
doxycycline to induce tumor regression to a non-palpable state (Fig. S2B) and harvested
lesions at early (D7), mid (D14), and late (D28, D35) dormancy time points to assess
SgRNA composition at each time point (Fig. 2B).

By sequencing the plasmid pool, sorted cells, injected cells, PTs and residual lesions (RLs),
we confirmed that all sgRNAs were detectable at each time point (Fig. S2A). Calculating the
Gini index to quantify the skewness of sgRNA distribution revealed that the plasmid pool,
sorted cells, and injected cells displayed low Gini indices (median=0.21, 0.25, and 0.26,
respectively), confirming homogeneous sgRNA distribution at these points. PTs displayed

a slightly higher Gini index than pre-injection samples (median=0.29), suggesting only
modest selection of SgRNASs in the presence of the strong oncogenic driver, Her2. In
contrast, RLs displayed stepwise increases in Gini indices at D7, D14, D28, and D35
(median=0.38, 0.45, 0.58, 0.69, respectively), confirming that sgRNAs were progressively
selected throughout dormancy (Fig. 2C).

To identify sgRNAs that underwent selection, we employed eight analytical methods and
ranked sgRNAs identified by 2 or more methods. As anticipated, sg/Rpa3 and sgPcna
positive controls were depleted during PT formation (Fig. S2C), but not following Her2
downregulation, consistent with our prior findings that RTCs in this model are non-
proliferative following Her2 downregulation’ (Fig. S2D).

We reasoned that SgRNASs targeting genes that maintain cell cycle-arrest following Her2
downregulation would be enriched in RLs vs. PTs. Lending credence to this hypothesis, we
found that sgRNAs targeting DarZ, a known regulator of cell cycle-arrest?8, were enriched
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in RLs, which is consistent with a model in which DadrZ loss results in the expansion of

RTCs (Fig. S2E). Conversely, we anticipated that sgRNAs targeting genes that maintain
RTC survival would be depleted in RLs vs. PTs, as supported by the identification of the
pro-survival gene, Bc/Z, as one of the two top hits in this analysis (Fig. 2D).

The second top putative pro-survival hit, identified by all 8 methods in each of four
pairwise comparisons of PT and RL time points, was B3galt6 (Fig. 2D, S2F). Analyzing

the distribution of sgRNAs targeting B3galté6 (colored bars) vs. all sgRNASs (grey histogram)
in each pairwise comparison confirmed that tumor cells harboring B3ga/t6 sSgRNAs were
markedly depleted within 7 days following Her2 downregulation (PT vs. D7) and exhibited
further depletion at later dormancy time points (D7 vs. D14, D28, D35) (Fig. 2E, S2F). This
strong, persistent negative selection against cells harboring sgB3galt6 suggests a potential
role for B3GALT®6 in dormancy.

B3GALT6 promotes RTC survival following therapy-associated dormancy

Beta-1,3-galactosyltransferase (B3GALTG6) catalyzes the addition of the second Gal residue
in the GlcA-Gal-Gal-Xyl- O- tetrasaccharide linker that is essential for the attachment

of sulfated glycosaminoglycans (GAGs) to proteoglycan core proteins2®. Accordingly,
B3GALT6 enzymatic activity is required for proteoglycan assembly. Based on their linear
chains of repeating disaccharides, GAGs are classified as: (i) heparan sulfate (HS);

(ii) chondroitin sulfate (CS); or a CS derivative (iii) dermatan sulfate (DS) (Fig. 3A).
Consequently, deletion of the B3galt6 gene using CRISPR-Cas9 is predicted to ablate HS
and CS/DS GAGs on cell surfaces®0.

To test this, we transduced Her2-dependent-Cas9 cells with sgRosa or sgB3galté vectors
expressing GFP, performed ICE analysis3!, and confirmed that sgB3galté efficiently
generated indels predicted to result in loss-of-function mutations in >85% of tumor cells
(Fig. S3A, B). Immunofluorescence demonstrated a marked reduction in HS levels in
sgB3galté cells vs. sgRosa controls, providing further confirmation that these SgRNAs
functionally reduce B3GALTS6 activity (Fig. 3B, C).

To validate and extend findings from our CRISPR-Cas9 screen, we performed an 1\VD
competition assay in which sgRosa-GFP and sg B3galté-GFP transduced Her2-dependent-
Cas9 cells were plated at a 1:1 ratio with sgRosa-mCherry cells on D-3. Genomic DNA
was harvested from cells at D-2 or DO (baseline), at D3, D7, D14, D21, and D28 following
doxycycline withdrawal (deinduction), and at 48 hr after doxycycline re-addition to D28
deinduction cells (D28+, reinduction). Changes in %sgB3galt6-GFP:sgRosa-mCherry cells
relative to %sgRosa-GFP:sgRosa-mCherry controls were quantified by droplet digital
PCR (ddPCR) (Fig. 3D). This revealed that sg B3ga/t6 tumor cells were progressively
depleted (0<0.0001) throughout dormancy beginning as early as 3 days following Her2
downregulation (Fig. 3E), indicating that tumor cell-autonomous B3GALT6 loss impairs
RTC fitness.

To confirm that this dormancy-selective depletion of sgB3galt6 cells occurs in vivo, as
predicted by our CRISPR-Cas9 screen, we performed a competition assay analogous to
that performed in vitro. sgRosa-mCherry Her2-dependent-Cas9 cells admixed with an equal
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number of sgRosa-GFP or sgB3galté-GFP cells were injected into mice maintained on
doxycycline, following which PTs (baseline) as well as D10 (ear/y) and D28 (/ate) RLs were
harvested (Fig. 3F).

While no differences in GFP intensity were visible in PTs across groups by whole-mount
imaging, decreases in GFP intensity were evident for each of the sgB3galt6 guides vs.
sgRosacontrols in RL samples (Fig. 3F). ddPCR analysis confirmed this pronounced
negative selection against sg B3galté tumor cells (p<0.0001) in RLs and identified ongoing
depletion from D10 to D28 (Fig. 3G). In contrast, sgRosaGFP cells exhibited no selection
across time points. These data provide further evidence that B3GALTS6 is required for
maintaining RTC fitness in vivo.

To determine the cellular mechanisms by which B3GALT6 regulates RTC fitness in vivo,
sgB3galt6_3-GFP or sgRosa-GFP cells were injected into mice, followed by harvest of

PTs and early (D4, D7) RLs following doxycycline withdrawal. As anticipated, a dramatic
decrease in cell proliferation was observed in control lesions at D4 and D7 following
doxycycline withdrawal as indicated by EdU incorporation (Fig. 3H, I) and Ki67 staining
(Fig. S3C, D). No differences were observed in the %EdU+ or %Ki67+ RTCs between
sgB3galté and sgRosa-derived PTs or RLs (Figs. 3H, I; S3C, D). These findings confirm
that RTCs in both groups enter a quiescent state following Her2 downregulation, suggesting
that depletion of sgB3galt6 RTCs vs. control cells following Her2 downregulation is not
attributable to differences in proliferation.

To determine if the decrease in sgB3galt6 vs. sgRosa RTCs following Her2

downregulation resulted from differential cell survival, we quantified apoptosis using
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (Fig. 3J, K) and
cleaved caspase 3 (cc3) immunofluorescence (Fig. S3E, F). While no differences were
apparent in PTs or D4 RLs between genotypes, a significant increase in % TUNEL+
(0=0.0009) and %cc3+ tumor cells (p=0.033) was evident at D7 in sgB3galt6 vs. sgRosa
RL samples. These data indicate that the impaired fitness observed in sg B3galt6 tumor
cells following Her2 downregulation is attributable to higher levels of apoptosis in dormant
sgB3galt6 RTCs.

B3GALT6 promotes tumor recurrence following therapy-associated dormancy

In light of our observation that B3GALT6 promotes RTC fitness, we wished to determine
whether B3GALT6 impacts the Kinetics of spontaneous recurrence. Her2-dependent-Cas9
cells transduced with sgB3galt6-GFP or sgRosa-GFP at a target MOI=5 (Fig. S4A, B) were
injected into mice maintained on doxycycline to drive PT formation (Fig. 4A). sgB3galt6
and sgRosa-GFP groups displayed no differences in the rate of PT formation (p=0.26) (Fig.
S4C).

Following doxycycline withdrawal to induce tumor regression to a non-palpable state,
mice were monitored for recurrence. Strikingly, dormant RLs derived from either
sgB3galté 3 (p<0.0001; HR=0.13) or sgB3galt6 1 (p<0.0001; HR=0.11) tumor cells
displayed dramatically delayed tumor recurrence vs. sgRosa controls (Fig. 4B). Moreover,
whereas all 20 recurrent tumors in the sg/Rosa control group were strongly GFP+, only
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1/20 sgB3galt6 3 and 3/20 sgB3galt6 1 recurrent tumors were GFP+ (Fig. 4C, S4D). This
negative selection against sg B3ga/té GFP+ cells in recurrent tumors was confirmed by
ddPCR, which demonstrated >10-fold depletion of GFP+ cells in sgB3galt6_3 (p=0.0003)
and sgB3galt6_1 (p=0.039) recurrences (Fig. 4D). The marked delay in spontaneous tumor
recurrence in sgB3galté cells, coupled with the observation that ~10% of untransduced
GFP-negative cells efficiently and reproducibly outcompeted GFP+ sg B3galt6 tumor cells
during recurrent tumor formation, indicate that B3GALTS® is required for tumor recurrence.

To ensure that recurrences maintained B3GALT6 deletion, we transduced Her2-dependent-
Cas9 cells with sgRosa-GFP or sgB3galt6-GFP at a higher target MOI=10 (Fig. 4E),

which resulted in a transduction efficiency of >95% (Fig. S4E, F). Under these conditions,
sgB3galt6-GFP cells exhibited an even more dramatic delay in median recurrence-free
survival (135d) vs. sgRosa-GFP (39.5d) control cells (p<0.0001; HR=0.16) (Fig. 4F) than
that observed for cells transduced at lower MOI (86-91d vs. 51d) (Fig. 4B). Furthermore,
nearly all recurrent tumors arising from sgB3galt6-GFP (12/14) or sgRosa-GFP (18/19)
tumor cells were GFP+ (Fig. 4G, S4G) and ddPCR confirmed the presence of comparable
numbers of GFP+ cells in sg/Rosa and sgB3galté recurrent tumors (Fig. 4H). As anticipated,
immunofluorescence analysis demonstrated suppressed HS levels in sgB3galt6 vs. sgRosa
recurrent tumors, confirming that loss of B3GALT6 function was maintained in sgB3galt6
recurrences (Fig. S4H, 1). These observations suggest that transducing tumor cells with
sgB3galté at a high MOI eliminated a bypass pathway in which untransduced, GFP-negative
cells give rise to recurrence.

Analysis of EdU incorporation in recurrent tumors failed to identify differences in
proliferation between sgRosa and sgB3galté MOI=10 recurrences (Fig. 41, J). In contrast,
TUNEL revealed increased apoptosis in sgB3galt6 vs. sgRosa recurrent tumors (p=0.018)
(Fig. 4K, L). Consistent with these findings, a trending decrease in growth rate of ~2-fold
was observed for sgB3galt6 vs. sgRosa recurrences (p=0.073) (Fig. 4M). These findings
indicate that B3GALTG6 is required for efficient tumor recurrence from RTCs post-therapy.

B3GALT6 promotes tumor cell survival and outgrowth in microenvironment-induced

dormancy

Our data to this point identified B3GALT®6 as a critical regulator of RTC survival and
recurrence in the context of therapy-associated dormancy. We next asked whether B3GALT6
might also play a functional role in microenvironment-induced dormancy using the D2.0OR-
D2A1 paired cell line model. D2.O0R-D2AL1 cells share a common origin and grow
comparably in two-dimensional (2D) culture, but manifest divergent growth properties (/.¢.,
D2.0R: dormant/indolent vs. D2A1: proliferative/aggressive) when cultured in 3D or at
metastatic sites in vivo32-34,

We first determined whether a dormancy-associated gene expression signature previously
generated by comparing D2.0R to D2A1 cells in 3D34 exhibited overlap with the

core RTC signature derived from our therapy-associated model of dormancy (Fig. S1A,
1D). We observed significant overlap between these two signatures for both upregulated
(hypergeometric p=1.68e-16) and downregulated (hypergeometric p=6.65e-03) genes (Fig.
S5A). Furthermore, the D2.OR/D2A1 dormancy signature exhibited strong and progressive
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temporal enrichment within the gene expression changes that occurred in Her2-dependent
tumor cells over the 28-day course following Her2 downregulation in vitro (Fig. 5A,
p=1.88e-09), and was reversible following doxycycline readdition (D7+, D14+, D28+) (Fig.
5A). The D2.0R-derived dormancy signature was also enriched in a dormancy-specific
manner in MTB/TAN and MTB/TWNT RTCs in vivo isolated 28 days after oncogene
downregulation compared to either PTCs (p=7.4e-05, 1.7e-05, respectively) or recurrent
tumor cells (p=6.2e-04, 1.1e-03, respectively) (Fig. S5B).

Next, we asked what GO terms were enriched within the D2.OR-derived dormancy
signature. As observed for the core RTC signature derived from therapy-associated
dormancy models, the D2.0OR dormancy signature was enriched for multiple ECM,
proteoglycan, and GAG-related GO terms (Fig. 5B). These data indicate that dormancy-
associated gene expression signatures are strongly enriched for ECM-related pathways in
general, and proteoglycan and GAG-related pathways in particular, irrespective of whether
the dormant state was induced by the microenvironment or associated with therapy.

D2.0R cells persist as dormant solitary cells over the course of 12 days when grown

on basement membrane extract (BME), whereas D2AL1 cells maintained under these same
conditions generate proliferative, spindle-shaped outgrowths32. Addition of Collagen 1 (Col
I) to BME induces dormant D2.0OR cells to resume proliferation and generate D2A1-like
spindle-shaped colonies32. Using this system, we asked whether the dormant behavior of
D2.0R cells in 3D culture is regulated by B3GALT6.

D2.0R and D2A1 cells transduced with a shB3galté hairpin exhibited >80% knockdown
of B3galt6transcripts (Fig. S5C). D2.0OR cells transduced with shB3galt6 or control
shScrambled hairpins were overlaid on BME with or without Col 1. While the numbers

of viable shB3galt6 and shScrambled cells each decreased over the 12-day course, B3galt6
knockdown resulted in progressive and marked decreases in cell number at D8 (p=0.022)
and D12 (p=0.0004) compared to control cells (Fig. 5C, D).

As anticipated, shScrambled D2.0OR cells plated on BME+Col | displayed increased
numbers of viable cells over this same 12-day time course (Fig. 5E, F). In contrast, B3galt6
knockdown in D2.0OR cells yielded marked reductions in the numbers of viable tumor

cells at D4, D8, and D12 compared to shScrambled controls (p<0.0001). Indeed, the Col
I-induced increase in the number of viable D2.OR cells was entirely abrogated by B3galt6
knockdown (Fig. 5E, F). Additionally, while shScrambled D2.0OR cells formed spindle-like
colonies when grown on BME+Col |, shB3galt6 cells failed to do so. Thus, B3GALT6 is
required for both the viability of dormant D2.0OR tumor cells and their outgrowth.

We performed analogous 3D assays using D2A1 cells. When grown on BME, a significant
decrease in viable cell number was observed for shB3galt6 vs. shScrambled D2AL1 cells at
D12 (0=0.003), and shB3galt6 D2AL1 cells failed to exhibit the characteristic spindle-like
morphology adopted by shScrambled D2A1 cells that is associated with colony outgrowth
(Fig. S5D, E). Notably, this same difference in phenotype was observed in shB3galt6 D2A1
cells (Fig. S5F) grown on BME+Col I. Moreover, a progressive decrease in viable cell
numbers was observed for shB3galt6 D2A1 cells grown on BME+Col | at D4 (p=0.0014),

Cancer Cell. Author manuscript; available in PMC 2025 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sreekumar et al.

Page 10

D8 (p=0.0002), and D12 (p<0.0001) compared to control cells (Fig. S5G). These data
indicate that, B3GALTS6 is required for cell viability, as well as outgrowth, in proliferative
D2A1 cells. In aggregate, these findings suggest that B3GALTS6 is a critical regulator of
dormant RTC survival, irrespective of whether dormancy is therapy-associated or induced by
the microenvironment.

Heparan sulfate synthesis is upregulated during dormancy and associated with poor
outcomes in patients with breast cancer

Because B3GALT6 catalyzes the synthesis of a linker that is common to, and required for,
the production of both HS and CS/DS (Fig. 3A), we assessed the biosynthesis of these
GAGs under dormancy conditions. First, we applied HS and CS/DS KEGG biosynthesis
signatures to VD gene expression data derived from Her2-dependent cells. This revealed
that enzymes involved in HS synthesis are upregulated (Fig. S6A) — whereas those involved
in CS/DS synthesis are downregulated (Fig. S6B) — during dormancy in vitro.

Addition of the hexosamine residue GICNAc to the proteoglycan tetrasaccharide linker
results in HS synthesis, whereas addition of GalNAc to this linker results in CS/DS
synthesis3®. Consistent with the KEGG biosynthetic signature analysis above, the enzymes
that direct HS synthesis (Ext/2, Ext/3, highlighted in blue) were reversibly upregulated
during dormancy (Fig. S6C); in contrast, the enzymes that direct CS/DS synthesis
(Csgalnactl, CsgalnactZ; highlighted in yellow) were reversibly downregulated during
dormancy (Fig. S6D). Although not all biosynthetic enzymes were included in our CRISPR-
Cas9 screen, we identified the HS polymerase £xt2as a hit, wherein sgRNAS targeting
Ext2were selected against during dormancy, as were sgRNAs targeting B3galt6 (Fig. 2D).
In contrast, no negative selection was observed in our screen for SgRNAS targeting the CS
polymerase Chpf (Fig. S2E). These associations suggest the intriguing possibility that HS is
preferentially synthesized in dormant RTCs.

To quantify levels of HS and CS GAGs as a function of dormancy in vitro, we performed
liquid chromatography-mass spectrometry (LC/MS) on Her2-dependent cell lysates isolated
at baseline (DO, proliferative) or post-doxycycline withdrawal (D7, dormant). HS was
readily detectable at DO and its levels were significantly higher at D7 (p<0.0001) (Fig. 6A).
In contrast, CS levels were >100-times lower than HS at baseline (D0) and were unchanged
during dormancy (Fig. 6A).

We next evaluated GAG levels in vivo as a function of dormancy using HS or CS-specific
antibodies. We first confirmed the specificity of these antibodies by demonstrating that
pre-treatment of tissue sections with heparin lyase or chondroitinase eliminated the signal
detected for HS or CS, respectively (Fig. S6E, G). Immunofluorescence staining revealed
that Her2-dependent PTCs expressed HS (Fig. 6B, C; S6E, F), but not CS (Fig. 6D, E; S6G,
H). Moreover, HS levels increased at D7 (Fig. 6B, C), whereas CS remained undetectable
(Fig. 6D, E). Thus, both LC/MS and immunofluorescence data demonstrate an increase in
HS abundance during dormancy.

Defects in differentiation resulting from impaired HS biosynthesis in myoblasts36 and mouse
embryonic stem cells3’ in vitro have been reported to be partially rescued by the addition of

Cancer Cell. Author manuscript; available in PMC 2025 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sreekumar et al.

Page 11

exogenous heparin, a highly sulfated variant of HS. Therefore, we performed an analogous
experiment to determine whether heparin addition could rescue the impaired cell survival
observed in B3GALTG6-depleted cells, as would be predicted if HS promotes the survival of
dormant tumor cells.

We harvested Her2-dependent sgRosa and sgB3galt6 tumor cells at baseline (DO,
proliferative) and in cells treated with vehicle, low-dose heparin, or high-dose heparin for

7 days post-doxycycline withdrawal (D7, dormant). As above, sgB3galté cells exhibited
decreased survival at D7 vs. sgRosa (Fig. 6F). Consistent with reports that heparin
supplementation in HS-replete cells can dampen signaling by competing with endogenous
HS38, we observed that both low- and high-dose heparin treatment in sg/Rosa cells modestly
decreased viable RTC number compared to vehicle-treated controls (Fig. 6F). In contrast,
exogenous addition of high-dose heparin to sgB3galt6 RTCs markedly increased the number
of viable tumor cells at D7 vs. vehicle-treated controls (p<0.0001) (Fig. 6F). These data
indicate that heparin supplementation is sufficient to rescue the survival defect induced by
loss of B3BGALT®6 in RTCs.

To this point, our functional data in preclinical models suggested a selective and essential
role for HS, but not CS, in dormant tumor cell survival. Therefore, we applied the

KEGG HS and CS/DS bhiosynthetic signatures to gene expression data from primary breast
cancers in ~4400 patients with known recurrence outcomes2%. Consistent with a role for

HS in enhancing tumor cell fitness during dormancy and recurrence, the expression of

HS biosynthetic enzymes in early-stage primary breast cancers was strongly associated

with poorer recurrence-free survival (overall p value=2.2e-04) (Fig. 6G). In contrast,

no association was observed between recurrence-free survival and expression of CS/DS
biosynthetic enzymes (Fig. 6H). These data provide further evidence specifically implicating
HS biosynthesis in promoting breast cancer recurrence in patients.

Heparan sulfate 6-O-sulfation is selectively upregulated during dormancy and potentiates
FGF1 signaling

Having identified a key role for B3GALT6-mediated HS biosynthesis in promoting RTC
survival, we asked if HS undergoes dynamic modifications during dormancy, as suggested
by the reversible upregulation of gene expression for sulfotransferases (e.g., NdstZ, Hs2st1,
Hsé6st1) within the HS signature (Fig. S6C). Accordingly, we examined the sites and extent
of heparan sulfation since this modification is a key determinant of the ligand binding
properties of GAG side chains39:49,

To accomplish this, we isolated cell lysates from 1VVD samples at DO (baseline), D7 and

D28 (deinduction), and D28+ (reinduction), and performed glycan reductive isotope labeling
followed by LC/MS (GRIL-LC/MS)*! (Fig. S7A). This revealed a significant increase in

the average sulfation level per HS-derived disaccharide at D7 and D28 vs. DO baseline
(p<0.0001), which remained elevated after 72 hr of Her2 reinduction (Fig. S7B). This
increase in sulfation indicates that, in addition to the increased overall levels of HS GAGs,
the extent to which these GAGs are sulfated is also dynamically upregulated in dormant
RTCs.
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Next, we wished to determine whether dormancy-selective patterns of heparan sulfation
were present. Of the three (out of four total) sulfation sites on HS-derived disaccharides
that we interrogated (Fig. 7A-D; S7C), 6- O-sulfation exhibited the most dramatic
fold-increase in abundance during dormancy (Fig. 7D). We also examined the relative
abundance of specific disaccharide motifs#2 as a function of dormancy (Fig. S7D, E).

Only D2S6 and DOAG6 disaccharides displayed upregulation during dormancy in a manner
that was reversible following exit of cells from the dormant state (Fig. S7F, G). This
suggests that 6- O-sulfation on glucosamine tends to co-occur in non-sulfated uronic acid-A\-
acetylated glucosamine (DOAG) or 2- O-sulfated uronic acid-A-sulfated glucosamine (D2S6)
disaccharides.

Heparan 6- O-sulfation promotes FGF signaling by increasing the binding affinity of some
FGF ligands for HS in the ternary HS-FGF-FGFR complex that is required for FGF
signaling®3-4° (Fig. S7H). To identify which FGFs are expressed in dormant tumor cells

in an abundant, but reversible, manner we interrogated the expression of the 15 paracrine
FGFs that require heparin/HS as a co-factor for signaling®®. This revealed that FGF1

is dramatically upregulated (>200-fold) during dormancy as early as 3 days following
doxycycline withdrawal, and that its expression is potently suppressed within 48 hr of
doxycycline re-addition (D7+, D14+, D28+) (Fig. 7E). In contrast, while FGF2 and FGF7
demonstrated dormancy-associated expression, they did not meet our criteria of being both
abundantly expressed and reversibly upregulated (Fig. S71).

To test whether endogenous FGF1 regulates RTC survival, we determined the number of
dormant RTCs that survived Her2 downregulation following depletion of endogenous FGF1.
After confirming successful editing by Fg7Z sgRNAs (Fig. S7J), we performed an 1IVD
assay using Her2-dependent-Cas9 cells transduced with sgFgfI or sgRosa. Deletion of Fgfl
further accentuated the decrease in viable RTC numbers that occurs at D7 (deinduction)

vs. DO (baseline) when compared to sgRosa controls (Fig. S7K). This suggests that tumor
cell-autonomous FGF1 signaling promotes dormant RTC survival.

To determine whether FGF acts via heparan 6- O-sulfation to mediate B3GALT6-dependent
RTC survival, we examined the expression of the three sulfotransferases, Hs6st1-3, that
catalyze 6- O-sulfation (Fig. 7F; S7H, L), particularly those on the D2S6 and DOA6 6- C-
sulfated disaccharide motifs?%43 identified above. Of these, only Hs6st1 was abundantly
expressed and reversibly upregulated during dormancy in Her2-dependent cells (Fig. 7F).
Notably, Hs6st1 was identified as a putative pro-survival hit in our CRISPR-Cas9 screen,
and the magnitude of its effects appeared to increase at later dormancy time points (Fig. 2D,
7G).

Next, we asked if impaired HS biosynthesis or 6- O-sulfation in RTCs results in an
attenuated viability response to FGF1, as well as whether this could be rescued by the
addition of heparin, which is natively sulfated including at the 6- O site. After confirming
successful editing by Hs6st1 sgRNAs (Fig. S7TM), we treated Her2-dependent tumor cells
with FGF1, heparin, or a combination of FGF1 + heparin for 7 days post-doxycycline
withdrawal. We found that sg B3galt6 and sgHs6stl RTCs (D7, dormant) display reduced
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viability in response to exogenous FGF1 stimulation compared to sg/Rosa RTCs, and that
heparin could rescue this blunted response (Fig. 7H).

To extend these findings to a microenvironment-induced model of dormancy, we plated
shB3galté6 or shScrambled-transduced D2.0OR cells in 3D in the presence of vehicle, FGF1,
heparin or a combination of FGF1 + heparin for 10 days. Loss of B3GALT®6 resulted

in a pronounced defect in the viability of dormant D2.0OR cells grown on BME in

the presence of FGF1 (Fig. 71, K). Notably, addition of exogenous heparin rescued this
decrease in viable cell number observed in dormant D2.0OR shB3galt6 cells vs. shScrambled
(0<0.0001) (Fig. 71, K). Additionally, when D2.0OR cells were plated under outgrowth
conditions (BME+Col 1), heparin potently rescued the decrease in cell numbers observed

in FGF1-treated dormant D2.0OR shB3galt6 vs. shScrambled cells (p<0.0001) (Fig. 7J, K).
Furthermore, the combination of FGF1+heparin rescued the rounded morphology associated
with shB3galt6, suggesting that FGF1 and heparin may additionally stimulate D2.0OR cell
outgrowth (Fig. 7J). Thus, data from these two independent dormancy systems are consistent
with a model wherein heparan 6- O-sulfation potentiates FGF signaling to promote the
survival of dormant RTCs.

FGFR2 is selectively upregulated during dormancy and promotes ERK1/2 signaling

To determine the mechanism by which FGF1 signaling promotes dormant RTC survival,

we evaluated the expression of the four FGFRs, Fgfr1—4, that participate in FGF signaling.
Of these, Fgfrl and Fgfr2are abundantly expressed in Her2-dependent cells and are each
reversibly upregulated during dormancy (Fig. 8A, S8A); Fgfr2was upregulated ~4-fold
during dormancy, whereas FgfrZ was upregulated ~1.5-fold. Although FGF1 can signal
through both FGFR1 and FGFR2, Fgfr2was identified as a putative pro-survival hit in our
CRISPR-Cas9 screen (Fig. 2D, 8B), whereas sgRNAs targeting Fgfr1 displayed no selection
(Fig. S2E).

To determine whether these findings also applied to other cell models, we treated ER+
MCF7 and Her2-amplifed BT474-M1 human breast cancer cell lines, with Fulvestrant,

and Lapatinib, respectively. We identified a graded temporal increase in Fgfr2 expression
following targeted therapy with either anti-estrogen or anti-Her2 pharmacological agents
(Fig. 8C), suggesting that FGFR2 signaling may constitute a generalized survival

response in RTCs. Furthermore, we found that FGF1 stimulation increased cell viability

in Fulvestrant-treated MCF7 and Lapatinib-treated BT474-M1 tumor cells (Fig. 8D).
Accordingly, we hypothesized that FGFR2 may act together with 6- O-sulfated HS to
promote FGF1 signaling and RTC survival, and prioritized studies of FGFR2 as a candidate
for maintaining dormant RTC survival.

After confirming successful editing by Fgfr2sgRNAs (Fig. S8B), we performed an IVD
assay using Her2-dependent-Cas9 cells transduced with sgB3galt6, sqHs6st1, sgFgfr2, or
sgRosa. We reasoned that if increased HS synthesis and 6- G-sulfation by dormant RTCs
results in enhanced endogenous FGF signaling, then impairing HS synthesis (sg B3galt6),
or 6- O-sulfation (sgHsést1), should attenuate FGF signaling (Fig. S8C). Furthermore, we
predicted that if enhanced FGF signaling in dormant cells is mediated by FGFR2, depleting
Fgfr2 should also attenuate FGF signaling during dormancy.
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To test this hypothesis, we assessed levels of activated ERK1/247 in each of the above
genetic contexts, using two sgRNAS each for sgB3galt6, sqHs6st1, and sqFgfr2. As
anticipated, pERK1/2 levels normalized to total ERK1/2 were markedly higher (>10-
fold) in Her2-dependent proliferating cells at DO (baseling), under which conditions

the doxycycline-dependent bicistronic Her2-IRES-luciferase transgene is abundantly
expressed (Fig. S8D) compared to D4 or D7 dormancy time points (Fig. 8E). Notably,
pERK1/2:ERK1/2 levels in the presence of Her2 expression (D0) were largely unaffected
by deletion of B3galt6, Hs6st1, or Fgfr2 (Fig. 8E). In contrast, pPERK1/2:ERK1/2 levels
were significantly diminished in sg B3galt6, sgHs6st1, and sgFgfr2 cells compared to
sgRosa controls following Her2 downregulation (deinduction) resulting from doxycycline
withdrawal (Fig. 8F). This impairment in pERK1/2:ERK1/2 levels in dormant RTCs caused
by deletion of components of the FGF signaling pathway, which are upregulated in RTCs
in a dormancy-specific manner, is consistent with a model in which endogenous FGF
signaling is active during dormancy and requires B3GALT6, HS6ST1, and FGFR2 for its
maintenance.

Upregulation of heparan sulfate 6-O-sulfation during dormancy promotes RTC survival and
recurrence in part by promoting FGFR2 signaling

We wished to determine whether heparan 6- O-sulfation and FGF signaling are required

for the viability of dormant RTCs, as suggested by our CRISPR screen results (Fig.

2D, 8B). We assessed viable RTC numbers for sgRosa, sgB3galt6, sgHsést1, and
sgFgfr2-transduced Her2-dependent-Cas9 cells at D14 (deinduction) following doxycycline
withdrawal. Consistent with our hypothesis, and concordant with their effects on FGF
signaling, tumor cells deleted for each of these genes exhibited significantly impaired
survival during dormancy compared to sgRosa control cells (Fig. S8E). This suggests

that heparan 6- O-sulfation potentiates endogenous FGF signaling mediated by FGFR2 to
promote the survival of dormant RTCs in vitro.

To extend these findings in vivo, we injected GFP-labeled sgRosa, sgHs6st1, and sgFgfr2
Her2-dependent-Cas9 cells into mice. Her2-driven PTs (baseline) and D7 RLs following
doxycycline withdrawal were harvested for TUNEL staining. This revealed a significant
increase in the percentage of TUNEL+ sgHs6st! (p=0.003) and sgFgfr2 (p=0.04) tumor cells
in D7 RLs vs. sgRosa controls (Fig. 8G, H). In contrast, we found no significant differences
in the percentage of TUNEL+ tumor cells in sgHs6st1, sgFgfrZ, and sgRosaPT samples
(Fig. 8G, H). These data indicate that HS6ST1 and FGFR2 are selectively required for
tumor cell survival in a dormancy-specific manner, which is analogous to our findings for
B3GALTS.

To probe their respective pathway relationships, we asked whether HS 6- O-sulfation and
FGFR2 act in concert to promote FGF1 signaling and dormant RTC survival. To accomplish
this, we performed a competition assay by injecting sgRosa-mCherry Her2-dependent-Cas9
cells admixed with an equal number of singly transduced (a) sgRosa-GFP, (b) sgB3galt6-
GFP, (c) sgHs6st1-GFP, or (d) sgFgfr2-GFP cells, or doubly transduced (e) sgRosa-
GFP+sgB3galt6-GFP, (f) sgB3galt6-GFP+sg Hs6st1-GFP, (g) sgB3galt6-GF+sgFgfr2-GFP,
or (h) sgHs6stI-GFP+sgFgfr2-GFP tumor cells, after confirming high editing efficiency
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(Fig. S8F). These combinations of tumor cells were injected into mice, following which PTs
(baseline) as well as D10 RLs (early) were harvested.

We hypothesized that the absence of HS biosynthesis in sgB3ga/t6 RTCs would result in the
strongest RTC fitness phenotype because of its broader impact on multiple growth factor-
dependent pathways, including but not limited to FGF signaling. In the specific context of
FGF-dependent RTC viability, we anticipated that FGFR2 deletion would result in a more
potent phenotype than HS6ST1 deletion, given that FGFR?2 is the direct mediator of FGF
signaling whereas HS6ST1 modulates FGF avidity for FGFR2 binding.

In accordance with our hypothesis, we observed the greatest depletion of RTCs between

PT and D10 RL for sgB3galt6 tumor cells, followed by sgFgfr2, and then sgHsést1 (Fig.
8l). Furthermore, analysis of the phenotypes of double knockouts revealed that B3ga/té6 was
epistatic to both Hs6stZ and Fgfr2 (Fig. 81, S8G). That is, combined deletion of Hs6stI and
B3galt6, or of Fgfr2and B3galté, exhibited effects that were no greater than the effect of
deleting B3galté6 alone. In an analogous manner, analysis of double knockouts revealed that
Fgfr2was epistatic to Hs6st1, insofar as the effect of combined deletion of Hséstl and Fgfr2
was no greater than the effect of deleting Fgfr2alone (Fig. 81, S8G). These data provide
compelling in vivo evidence that B3GALT6, HS6ST1, and FGFR2 act within the same
pathway, and that FGFR2 constitutes one of the mechanisms downstream of B3GALT6 that
maintains RTC survival.

To determine the impact of HS6ST1 and FGFR2-mediated RTC pro-survival effects on
tumor recurrence in vivo, we performed recurrence-free survival assays in mice bearing RLs
derived from sgHs6st1 or sgFgfr2 Her2-dependent tumor cells. Analogous to our findings
for sg B3galt6, mice bearing RLs containing sgHs6st1 or Fgfr2tumor cells exhibited
delayed recurrence-free survival compared to sg/~osa controls (p=0.02, HR=0.40; and
p=0.006, HR=0.35, respectively) (Fig. 8J). In aggregate, our studies suggest a model in
which HS6ST1 is reversibly upregulated during dormancy, which results in the selective
upregulation of heparan sulfate 6- O-sulfation in dormant RTCs and potentiation of FGF1
signaling via FGFR2, which promotes dormant RTC survival and tumor recurrence.

B3GALT6 pathway alterations in patients with breast cancer are associated with poorer
clinical outcomes

Supporting the clinical relevance of alterations in the B3GALT6/HS6ST1/FGF1/FGFR2
pathway to human breast cancer progression, we found that amplification of at least one
member of this set of genes (B3GALTE[All: n=5; HR* n=1], HS65T1 [All: n=1; HR*
n=0], FGF1[All: n=3; HR* n=3)], or FGFR2[AIll: n=13; HR* n=8]) was associated with
significantly reduced recurrence-free survival across all patients with breast cancer (p=0.02,
HR=3.0), as well as in patients with hormone receptor-positive (HR+)/HER2-negative
tumors (p=0.004, HR=4.7), which is the predominant breast cancer subtype (Fig. 8K).

In particular, FGFRZ copy number gain alone was significantly associated with reduced
recurrence-free survival in patients with HR+/HER2-negative breast cancers (=0.004,
HR=1.7), and across all patients (p=0.055, HR=1.3) (Fig. 8L).
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Consistent with the above associations, we found that FGF pathway activity was
significantly enriched in residual tumors in four?1-23.25.26 of six patient datasets following
neoadjuvant endocrine therapy or chemotherapy, and was co-enriched with a HS
biosynthesis signature in two?123 of these neoadjuvant datasets. Moreover, analogous to our
findings using a HS biosynthesis signature (Fig. 6G), we found that FGF pathway activity in
early-stage primary breast cancers was significantly associated with poorer recurrence-free
survival (p=0.021) (Fig. S8H).

Lastly, while we have not identified gene expression datasets comparing disseminated
tumor cells (DTCs) to proliferating tumor cells in the same patients, we did evaluate a
paired data set comparing gene expression levels in circulating tumor cells (CTCs) and
metastatic breast cancers*®. CTCs represent a population of tumor cells that can give rise
to DTCs and, like DTCs, they are exposed to significant biological stresses encountered at
foreign sites. Strikingly, analysis of this patient data set revealed that B3GALT6, HS6ST1,
FGF1, and FGFRZ2are each highly and significantly upregulated in CTCs compared to
their metastatic counterparts ~20-fold (p=0.004), 25-fold (0=0.005), 71-fold (p=4.58e-05),
and 19-fold (p=0.013), respectively (Fig. 8M). These data further implicate alterations in a
B3GALT6/HS6ST1/FGF1/FGFR2 pathway in human breast cancer progression.

Discussion

RTCs that persist following primary tumor therapy constitute the precursors of treatment-
refractory recurrent disease that determines patient mortality. As some post-adjuvant clinical
trials to identify and target RTCs in patients with early-stage breast cancer are currently
underway*90, there is a pressing need to identify unique vulnerabilities of dormant RTCs
that could be leveraged in such studies.

Here, we found that dormant RTCs create — in a cell-autonomous manner — an extracellular
environment that is conducive to their own survival. In doing so, we identify a dependency
of dormant RTC fitness that could be exploited to prevent tumor recurrence. Specifically,
we determined that dormant RTCs selectively upregulate the B3GALT6-mediated synthesis
of HS proteoglycans in both therapy-associated and microenvironment-induced models of
dormancy. Mechanistically, RTCs reversibly upregulate B3GALT6-mediated HS synthesis,
HS6ST1-mediated heparan 6-O-sulfation, as well as FgfI and Fgfr2 expression, in a
dormancy-specific manner. These orchestrated effects result in enhanced FGF1-FGFR2
signaling, enhanced dormant RTC survival, and accelerated tumor recurrence.

Underscoring the clinical relevance of these data, we found that amplification of at least

one member of the BAGALT6/HS6ST1/FGF1/FGFR2 axis was associated with significantly
reduced recurrence-free survival, as was expression of a HS biosynthesis signature or a FGF
pathway activity signature in patients with early-stage breast cancers. The concordance of
these findings in patients with functional studies in mice further implicates the B3GALT6/
HS6ST1/FGF1/FGFR2 axis as a potential target for preventing recurrence from dormant
RTCs.
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Our findings identify B3GALT6 as a potent regulator of dormant RTC survival and
recurrence. To date, a role for B3GALT®6 in cancer has not been reported. Because
B3GALTG is involved in the synthesis of the tetrasaccharide required for covalent linkage of
GAG chains to the protein core?9, genetic deletion of B3galt6 permits investigation of the
role of GAGs in tumor progression. Prior studies of B3GALT6 in vertebrate models have
been limited to genetic loss in a zebrafish model3C generated for study of two pathogenic
conditions observed in patients with biallelic loss of B3GALTS: spondylodysplastic Ehlers-
Danlos syndrome (spEDS) and spondyloepimetaphyseal dysplasia with joint laxity, type 1
(SEMD-JL1)%1:52, While zebrafish with 63galt6 loss-of-function recapitulate the connective
tissue defects observed in these patients, the extent to which the pathways underlying
B3GALT6-mediated functions in connective tissues and dormant RTCs are shared — if at all
—remains to be determined.

Heparan 6- O sulfation is required for formation of the ternary HS-FGF-FGFR complex and,
therefore, FGF pathway activity#344. In particular, 6- O-sulfation is a strong determinant

of FGF1 binding*®. Although FGF signaling is classically thought to play a mitogenic
function in tumor cells®23, recent data suggest a context-dependent role for FGF signaling in
promoting breast cancer therapy resistance and growth arrest. FGF2 derived from osteogenic
cells in the bone marrow can suppress the expression of ER in DTCs via FGFR1, rendering
them resistant to endocrine therapy®4. Furthermore, exogenously-derived FGF2 induces

cell cycle arrest in ER+ breast cancer cell lines® and can induce the expression of the
pro-dormancy transcription factor ZFP281 in early disseminated cancer cells®®.

In contrast to these examples in which FGF2 promotes dormancy predominantly via FGFR1,
our data suggest that dormant RTC survival is mediated by FGF1 in a HS-FGFR2-dependent
manner. Consistent with our CRISPR-Cas9 screen identifying Fgfr2, but not Fgfr1, as a
vulnerability in dormant RTCs, we found that FGFR2 deletion induced RTC apoptosis

and significantly delayed tumor recurrence. These data suggest the intriguing possibility
that a highly selective FGFR2 pharmacological inhibitor®’, currently in clinical trials for
intrahepatic cholangiocarcinoma (NCT04526106%8), could be leveraged in the adjuvant/
post-adjuvant setting to exploit the dependency of dormant RTCs on FGF signaling for their
survival and recurrence.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Lewis A. Chodosh, M.D., Ph.D.
(chodosh@pennmedicine.upenn.edu)

Materials availability—All unique/stable reagents generated in this study are available
from the lead contact with a completed Materials Transfer Agreement.
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Data and code availability

. The RNA-sequencing dataset reported in this article is deposited in NCBI’s gene
expression omnibus (GEO) and is publicly available as of the date of publication.
The accession number is listed in the Key Resources Table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal studies were approved by the University of Pennsylvania Institutional Animal
Care and Use Committee (IACUC). Female nu/numice (NCRNU-F, Taconic) at 5-6 weeks
of age were used as transplantation donors in this study, ear-tagged, and randomly assigned
to experimental groups. Mice were housed in a barrier facility with 12-hr light/12-hr dark
cycles, with access to food and water ad /ibitum.

Primary Her2-dependent tumor cells were derived and cultured from female MTB/TAN
FVB transgenic mice as previously described>® and confirmed to be mycoplasma-negative.
MTB/TAN-derived primary tumor cells were cultured in DMEM (Corning, Cat. # 10-017-
CV) containing 10% super calf serum (GeminiBio, Cat. # 100-510), 1% Penicillin/
Streptomycin (Thermo Fisher Scientific, Cat. # 15-140-122), 1% Glutamine (Thermo Fisher
Scientific, Cat. # 25030081), 2mg/ml Doxycycline (RPI, Cat. # D43020-250.0), 5Smg/ml
Prolactin (NHPP, Cat. # NIDDK-0PRL-21), 5mg/ml Insulin (GeminiBio, Cat. # 700-112P),
10ug/ml EGF (Millipore, Cat. # E4127), 1mg/ml Hydrocortisone (Sigma, Cat. # H0396),
1mM Progesterone (Sigma, Cat. # P7556).

D2.0R and D2A1 cells were derived from female Balb/c mice and were a gift from Dr.
Mikala Egeblad at Cold Spring Harbor Laboratories. These cells were maintained in in
DMEM (Corning, Cat. # 10-017-CV) containing 10% fetal bovine serum (GeminiBio, Cat. #
100-106), 1% Penicillin/Streptomycin (Thermo Fisher Scientific, Cat. # 15-140-122).

MCEF7 cells (ER+, HER2-negative) were derived from a female patient with breast

cancer and obtained as part of the NCI authenticated panel NCI ICBP43. MCF7 cells
(ER+, HER2-negative) (ATCC, Cat. # HTB-22) were cultured in EMEM (ATCC, Cat.

# 30-2003) containing 10% fetal bovine serum (GeminiBio, Cat. # 100-106), 1%
Penicillin/Streptomycin (Thermo Fisher Scientific, Cat. # 15-140-122), 0.01mg/ml Insulin
(GeminiBio, Cat. # 700-112P).

BT474-M1 cells (ER+, HER2+) is a lung metastatic subclone of the parental BT-474 cells
derived from a female patient with breast cancer and were a gift from Dr. Mien-Chie
Hung at MD Anderson Cancer Center. Cells were cultured in DMEM/F12 (Hyclone, Cat.
# SH30023.01) containing 10% fetal bovine serum (GeminiBio, Cat. # 100-106), 1%
Penicillin/Streptomycin (Thermo Fisher Scientific, Cat. # 15-140-122).

No STR testing was performed for authentication of these cell lines.
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METHOD DETAILS

In vitro assays—MT7B/TAN-derived primary tumor cells were cultured in DMEM
(Corning, Cat. # 10-017-CV) containing 10% super calf serum (GeminiBio, Cat. #
100-510), 1% Penicillin/Streptomycin (Thermo Fisher Scientific, Cat. # 15-140-122),
1% Glutamine (Thermo Fisher Scientific, Cat. # 25030081), 2mg/ml Doxycycline (RPI,
Cat. # D43020-250.0), 5mg/ml Prolactin (NHPP, Cat. # NIDDK-0PRL-21), 5mg/ml
Insulin (GeminiBio, Cat. # 700-112P), 10ug/ml EGF (Millipore, Cat. # E4127), 1Img/ml
Hydrocortisone (Sigma, Cat. # H0396), 1mM Progesterone (Sigma, Cat. # P7556).

For in vitro dormancy experiments, cells were plated on D-3 in medium as above,
transitioned to medium as above containing 1% super calf serum on D-2, and transitioned to
medium containing 1% super calf serum and no Doxycycline on DO. Plates were harvested
at dormancy deinduction time points as desired, while medium containing 1% super calf
serum and no Doxycycline was replaced on remaining plates weekly. Reinduction plates
were harvested at time points as desired following 48h or 72h treatment with medium
containing 1% super calf serum and doxycycline as indicated in the figures. For FGF1 and
heparin stimulation experiments, cells were treated daily starting at DO with vehicle (PBS),
mFGF1 (25ng/ml) (R&D Systems, Cat. # AF4686), heparin (25ug/ml) (Fisher Scientific,
Cat. # AAA1619803), or mFGF1 + heparin and harvested on D7.

D2.0R and D2A1 cells were a gift from Dr. Mikala Egeblad at Cold Spring Harbor
Laboratories. These cells were maintained in in DMEM (Corning, Cat. # 10-017-
CV) containing 10% fetal bovine serum (GeminiBio, Cat. # 100-106), 1% Penicillin/
Streptomycin (Thermo Fisher Scientific, Cat. # 15-140-122).

MCF7 cells (ER+, HER2-negative) (ATCC, Cat. # HTB-22) were cultured in EMEM
(ATCC, Cat. # 30-2003) containing 10% fetal bovine serum (GeminiBio, Cat. # 100-

106), 1% Penicillin/Streptomycin (Thermo Fisher Scientific, Cat. # 15-140-122), 0.01mg/ml
Insulin (GeminiBio, Cat. # 700-112P). Following 24h of plating, the medium was replaced
with serum-starved medium 1% fetal bovine serum. Following 48h of serum starvation,
cells were treated daily with vehicle (DMSO) or 100nM Fulvestrant (Selleck Chemicals,
Cat. # S1191) for 72h and cells were harvested for gRT-PCR. For the FGF1 stimulation
experiment, 100nM Fulvestrant-treated cells were treated daily with vehicle (PBS) or
25ng/ml hFGF1 (R&D Systems, Cat. # 232-FA) for 72h prior to harvest.

BT474-M1 cells (ER+, HER2+) were a gift from Dr. Mien-Chie Hung at MD Anderson
Cancer Center. Cells were cultured in DMEM/F12 (Hyclone, Cat. # SH30023.01) containing
10% fetal bovine serum (GeminiBio, Cat. # 100-106), 1% Penicillin/Streptomycin (Thermo
Fisher Scientific, Cat. # 15-140-122). Following 24h of plating, the medium was replaced
with serum-starved medium 1% fetal bovine serum. Following 48h of serum starvation,

cells were treated daily with vehicle (DMSO) or 400nM Lapatinib (Selleck Chemicals,

Cat. # S2111) for 72h and cells were harvested for gRT-PCR. For the FGF1 stimulation
experiment, 400nM Lapatinib-treated cells were treated daily with vehicle (PBS) or 25ng/ml
hFGF1 (R&D Systems, Cat. # 232-FA) for 72h prior to harvest.
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Cell viability assays (2D and 3D) were performed as per manufacturer’s instructions using
the Cell Titer 96 Non-Radioactive Cell Proliferation Assay (Promega, Cat. # G4000) in
96-well plates.

3D assays—D2.0R and D2A1 cells were plated on top of a matrix of basement membrane
extract (Cultrex 3D Basement Membrane Extract, Reduced Growth Factor, Trevigen Cat. #
3445-005-01) or a 1:1 ratio of basement membrane extract and neutralized type | collagen
(Cultrex 3D Culture Matrix Rat Collagen I, Trevigen Cat. # 3447-020-01). For experiments
in 96-well plates (Corning, Cat. # 353219), 50ul of the matrix was added per well and were
solidified for 1h at 37°C. D2.0OR and D2A1 cells were resuspended at 20,000 cells/ml in
DMEM low glucose, low pyruvate medium (Thermo Fisher Scientific, Cat. # 11885092)
containing 2% fetal bovine serum (GeminiBio, Cat. # 100-106), 2% basement membrane
extract, 1% Penicillin/Streptomycin (Thermo Fisher Scientific, Cat. # 15-140-122), and
100ul per well was plated on top of the solidified matrices. Plates were harvested at desired
time points and medium was replaced on remaining plates every 4 days. For FGF1 and
heparin stimulation experiments, cells were treated daily starting at DO with vehicle (PBS),
mFGF1 (25ng/ml) (R&D Systems, Cat. # AF4686), heparin (25ug/ml) (Fisher Scientific,
Cat. # AAA1619803), or mFGF1 + heparin and harvested on D10. Cell viability in the
harvested plates was assayed using the CellTiter Non-Radioactive Cell Proliferation Assay
(Promega, Cat. # G4000) as per manufacturer’s instructions.

RNA sequencing—MTB/TAN cells were cultured in vitro under dormancy conditions

as described. Samples were harvested at baseline (DO0), deinduction (8 h, D1, D3, D7,

D14, D28), and reinduction (D7+, D14+, and D28+) timepoints. RNA isolation was
performed using the RNeasy Mini kit (Qiagen, Cat. # 74106) and sequencing libraries were
prepared using the TruSeq Stranded mRNA for NeoPrep kit (Illumina, Cat. # NP-202-1001).
Sequencing was performed using 75-bp paired-end NextSeq (Illumina, Cat. # 20024907).

The quality of raw reads was assessed using FASTQC. Sequenced reads were mapped to the
mm10 Mus musculus reference genome using Spliced Transcripts Alignment to a Reference
(STAR). Gene-level read counts were determined using featureCounts. Principal component
analysis (PCA) was performed using the top 1000 most variable genes assessed by per-
gene standard deviations and was used to exclude distinct outliers from the downstream
analysis. Read counts across samples were normalized and differentially expressed genes
were identified using DESeq?2.

Animal experiments—All animal studies were approved by the University of
Pennsylvania Institutional Animal Care and Use Committee (IACUC). In vivo competition
assays and recurrence-free survival assays were performed as previously described. Briefly,
1e06 cells (1:1 mixture of GFP* and mCherry* cells for competition assays or unmixed cells
for recurrence-free survival assays and the CRISPR-Cas9 screen) were transplanted into the
inguinal #4 mammary fat pads of nu/nufemale mice (NCRNU-F, Taconic) and administered
2mg/ml doxycycline/5% sucrose via drinking water. Mice were de-induced by switching to
regular drinking water once mammary tumors reached target size (5x5mm for competition
assays; 3x3mm for recurrence-free survival assays and the CRISPR-Cas9 screen). Mice
were palpated thrice a week and time-to-recurrence, as measured by when non-palpable,
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dormant lesions first became palpable, was assessed by Kaplan-Meier analysis. At the time
of harvest, mice were administered 50mg/kg EdU (i.p.) 2h prior to euthanasia.

Plasmids and lentiviral production—LentiV_Cas9 _puro (Addgene, Cat. # 108100)
was used to generate Cas9 expressing MTB/TAN-derived primary tumor cells. LRG2.1
(Addgene, Cat. # 108098), LRG (Addgene, Cat. # 65656), or LRmCherry2.1 (Addgene,
Cat. # 108099) vector backbones were utilized for cloning sgRNAs for CRISPR-Cas9
studies®0. For each sgRNA, sense and antisense oligos were phosphorylated and annealed
and then ligated into BsmB1-digested vector. Ligated vectors were transformed into

the chemically competent StbI3 bacteria (Thermo Fisher Scientific, Cat. # C737303).
Successfully transformed bacterial clones were picked from Ampicillin selective plates and
isolated DNA was sequenced using a U6 primer to confirm sgRNA incorporation.

Lentiviruses were generated in HEK293T cells using the TransIT-293 transfection reagent
(Mirus, Cat. # MIR2700) to introduce packaging plasmids pMD2.G (Addgene, Cat. #
12259; 3ug) and psPAX2 (Addgene, Cat. # 12260; 6ug), and 9ug of the desired backbone
containing the sgRNA of interest. SgRNA lentiviruses were titered by serial dilution in
MTB/TAN-derived primary tumor cells using the fluorophore associated with the vector
backbones as a readout by on the Attune NXT flow cytometry (Thermo Fisher).

PCR and ICE analysis—To validate sgRNA editing efficiency, genomic DNA was
isolated from Her2-dependent Cas9 unedited and edited cells one week after transduction
with sgRNAs (Qiagen, QlAamp DNA mini kit, Cat. # 51304). PCR amplification was
performed (98°C 5min — (98°C 5s, Ty, 5s, 72°C 15s) x30 — 72°C 3min — 4°C) using the
following primer sequences and annealing temperatures (T,):

sgRosa: F-GCGGGAGAAATGGATATGAA; R-GCACTTGCTCTCCCAAAGTC; Ty =
60°C

sgB3galt6 3, sgB3galt6_1: F-CAGGTCCGCAGAAAGGACAT,; R-
ACCACTCTGTTGTACCTGGC; Ty, = 64.9°C

sgHs6st_2, sgHs6st 1: F-ATCCTTTACCAGTACGCGGG; R-
AGTGACCCAGGAGGAAGTCT; Ty, =64.7°C

sgFgfr2_1: F-CCTACTTGGGATTGCCAGCA; R-GGTTTCTGCAATCTGGACGC; Ty, =
64.7°C

sgFafr2 3: F-GAAATGGGCCCACTGAGTCA; R-TTCGTGTCTCTCGGTTGTGG; Ty =
64.9°C The resulting amplicons were Sanger sequenced and ICE analysis was performed on
the sequences to determine editing efficiency using https://ice.synthego.com/#/

CRISPR-Cas9 screen—Of the genes that were selectively enriched during dormancy
in vitro that were encompassed by extracellular matrix-associated gene ontology terms,

95 genes were selected for CRISPR-Cas9 screening in vivo. In addition, positive control
SsgRNAs targeting genes that are known to be functional during disease progression (pro-
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proliferative and pro-survival genes) and negative control sgRNASs that are non-targeting
were also included in this library. For the 95 genes, 4-5 sgRNAs were designed for each
gene resulting in a total of 509 sgRNAs (Table S1). Additionally, a size-matched library of
non-targeting sgRNAs was prepared to aid data analysis.

sgRNASs were designed to target conserved functional domains that display

low computationally predicted off-target scores using the GUIDES tool (http://
guides.sanjanalab.org/), preferentially picking sgRNAs that have an A/T nucleotide at

the 17! position of the syRNA sequence. This approach maximizes functionally ‘null’
mutations and circumvents the need for subcloning the cells, thus maintaining their
heterogeneity. These sgRNA oligo pools were cloned into the LRG expression vector
following which the plasmid pool was amplified, purified, and packaged into lentiviruses.
To ensure that MTB/TAN-Cas9 cells receive only one sgRNA/cell, the lentiviral library was
titered using the GFP selectable marker by flow cytometry (Attune NXT Thermo Fisher)
and transduced at an MOI=0.3. Finally, the transduced cells were sorted (MoFlo Astrios,
Beckman Coulter Life Sciences) and expanded prior to transplantation in vivo. All steps
were performed such that each sgRNA was represented in >1500 cells/sgRNA to maintain
coverage and improve the robustness of downstream analyses.

All samples harvested from mouse primary tumors and residual lesions were microdissected
under a stereoscope and homogenized for genomic DNA extraction using the Quick-DNA
Midiprep Plus kit (Zymo Research, Cat. # D4075). sgRNA inserts were amplified by PCR
using the Phusion Flash High Fidelity PCR Master Mix (Thermo Fisher, Cat. # F548),
followed by barcode and adapter addition. The libraries were then pooled, mixed with 5%
PhiX (Thermo Fisher, Cat. # FC-110-3001) and massively parallel sequenced using the
MiSeq reagent kit v3 150 cycle (lllumina, Cat. # MS-102-3001) on the MiSeq Instrument
(1umina).

Histology—When harvesting 3D assays for immunofluorescence, medium was aspirated
and immediately fixed in 2% paraformaldehyde (Santa Cruz Biotechnology, Cat. #
sc-281692) in PBS for 20 min at room temperature. Cells were then permeabilized in PBS
containing 0.5% Triton X-100 for 10 min at room temperature. Wells were then rinsed three
times in 1x PBS containing 100mM glycine before proceeding with the immunofluorescence
protocol.

For in vitro immunofluorescence/labeling studies, MT7B/TAN-derived primary tumor cells
were cultured on glass coverslips (Bellco Glass Inc., Cat. # 1943-010015A) and treated
with 5uM EdU for 2h before harvest. Coverslips containing cells were fixed in 4%
paraformaldehyde for 15 min at room temperature. Cells were then permeabilized in PBS
containing 0.5% Triton X-100 for 20 min at room temperature followed by wash steps in 3%
bovine serum albumin in 1x PBS before proceeding with the immunofluorescence protocol.

For in vivo immunofluorescence/labeling studies, inguinal #4 mammary fat pads containing
primary tumors, residual lesions, or recurrent tumors were dissected and fixed overnight in
4% paraformaldehyde overnight at 4°C. Samples were thoroughly washed and dehydrated
prior to paraffin embedding and sectioning at 5um. Slides were prepared by serial
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deparaffinization and rehydration followed by PBS washes and antigen retrieval in R-Buffer
A (Electron Microscopy Sciences, Cat. # 62706-10) or R-Buffer B (Electron Microscopy
Sciences, Cat. # 62706-11) using a retriever (Aptum, Cat. # RR2100-EU).

For GAG immunofluorescence, specificity controls were included where tissue sections
were treated with Chondroitinase ABC (Amsbio, Cat. # AMS.E1028-02; 10mU/ul at pH 8)
or Heparin lyase (Amsbio, Cat. # AMS.HEP-ENZ I11-S; 20mU/ul at pH 7) at 37°C for 1h
prior to immunofluorescence.

For labeling studies using coverslips for EAU (Thermo Fisher Scientific, Cat. # C10640) or
on tissues for EdU (Sigma Aldrich, Cat. # BCK647-1V-IM-S) or TUNEL (Thermo Fisher
Scientific, Cat. # C10619) samples were processed as per manufacturer’s instructions prior
to immunofluorescence.

Immunofluorescence samples were blocked with 5% goat serum in 1x PBS with mouse-on-
mouse block (Vector Laboratories, Cat. # BMK-2202), washed 3 times in 1x PBS and
incubated overnight at 4°C with primary antibodies or matched isotype controls diluted

in 5% goat serum in 1x PBS with mouse-on-mouse diluent (\ector Laboratories, Cat. #
BMK-2202) as follows: Primary antibodies - Rat anti-Ki67 (Thermo Fisher Scientific, Cat. #
14-5698; 1:100), Rabbit anti-Her2 (Cell Signaling, Cat. # 2165; 1:100), Rabbit anti-cleaved
Caspase-3 (Cell Signaling, Cat. # 9664; 1:250), Mouse anti-Chondroitin sulfate (Sigma, Cat.
# SAB4200696), Mouse anti-Heparan sulfate (Amsbio, Cat. # 370225), Rabbit anti-GFP
(Cell Signaling, Cat. # 2956; 1:200), and Mouse anti-GFP (Living Colors, Cat. # 632381,
1:250). Isotype controls - Rat 1gG (Thermo Fisher Scientific, Cat. # 02-9602), Rabbit 1gG
(Thermo Fisher Scientific, Cat. # 02-6102), Mouse 1gG2a kappa (Thermo Fisher Scientific,
Cat. # 14-4724-82).

After performing 3 washes with 1x PBS, samples were incubated with secondary antibodies
at 37°C for 1h as follows: Secondary antibodies - Goat anti-mouse 1gG2a Alexa488
(Thermo Fisher Scientific, Cat. # A21131; 1:1000), Goat anti-rabbit 1IgG Alexa488 (Thermo
Fisher Scientific, Cat. # A11034; 1:1000), Goat anti-rabbit 1IgG Alexa594 (Thermo Fisher
Scientific, Cat. # A11012; 1:1000), Goat anti-rat IgG Alexa568 (Thermo Fisher Scientific,
Cat. # A11077; 1:1000), Goat anti-mouse IgM Alexa568 (Abcam, Cat. # ab175702; 1:1000).

Following incubation with secondary antibodies, samples were washed 3 times with 1x PBS
and incubated with 0.5ug/ml Hoechst 33258 for 10 min at room temperature for nuclear
counter staining. Samples were mounted using ProLong gold (Thermo Fisher Scientific, Cat.
# P36934) and imaged using a DM 5000B Automated Upright Microscope with a DFC350
FX monochrome digital camera (Leica Microsystems).

Images were quantified using QuPath-0.3.0 open source software. For pixel intensity
measurements, a baseline threshold of 8000 pixels was determined based on the background
tumor cell fluorescence levels in the heparinase/chondroitin lyase treated controls. Tumor
cell boundaries were identified using the GFP signal and heparan sulfate/chondroitin sulfate
pixel intensity was measured within a 2um radius surrounding the tumor cells. Cells with
pixel intensity <8000 pixels were classified as negative, 8001-16000 pixels were classified
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as 1+, 16001-24000 pixels were classified as 2+, and 24001-65535 pixels were classified as
3+.

Droplet digital PCR—Microdissected lesions from the in vivo experiments or cells
harvested from the in vitro dormancy experiment were processed for genomic DNA isolation
using the Quick-DNA Midiprep Plus kit (Zymo Research, Cat. # D4075) kit, or the QlAamp
DNA mini kit (Thermo Fisher, Cat. # 51304), respectively. To quantify the numbers of
GFP* and mCherry™ cells, 50ng of gnomic DNA/sample was added together with the
ddPCR Supermix for Probes (Bio-Rad, Cat. # 1863025) and the probes of interest: GFP
(Bio-Rad, Cat. # dCNS372378948), mCherry (Bio-Rad, Cat. # dCNS507694046), and the
control ApoB (Bio-Rad, Cat. #dMmuCNS4075944696). Droplets were generated using

the AutoDG system (Bio-Rad, Cat. # 1864101) followed by PCR under the following
conditions: 95°C for 5 min; 40 cycles at 94°C for 30 sec and 60°C for 1 min; 98°C for 10
min. Droplets were analyzed using the QX200 Droplet Reader (Bio-Rad, Cat. # 1864003).
Droplet-derived copy numbers were first normalized to ApoB numbers to normalize input
and then converted to cell numbers by using the average copy number derived from singly
transduced cells, or doubly transduced cells in the combinatorial epistasis experiment.

Western blot—Western blots were performed as described using the following primary
antibodies: Rabbit anti-phospho-ERK1/2 (Thr202/Tyr204) (Cell Signaling, Cat. # 9101),
Rabbit anti-ERK1/2 (Cell Signaling, Cat. # 9102), Mouse anti-B-Tubulin (BioGenex, Cat. #
MU122). Secondary antibodies used were anti-mouse 680LT (LI-COR Biosciences, Cat. #
925-68020) and anti-rabbit 800CW (LI-COR Biosciences, Cat. # 925-32211). Fluorescent
signals were detected using the Odyssey detection system (LI-COR Biosciences), and band
intensities were quantified using the Image Studio Ver 2.0 software (LI-COR Biosciences).

GRIL-LC/MS—MTB/TAN-derived primary tumor cells were cultured for an in vitro
dormancy time course as previously described and harvested at baseline (D0), deinduction
(D7, D28), and reinduction (D28+) time points. At the time of harvest, cells were kept on
ice, thoroughly washed 2 times with ice cold 1x PBS, and gently scraped into 1x PBS. Cells
were pelleted down at 1500 rpm and the pellets were flash frozen for further analysis.

Glycan reductive isotope labeling — mass spectrometry (GRIL-LC/MS) — GAG isolation
and purification was performed by sonicating the cell pellet in ultrapure distilled water
(Invitrogen, Cat. # 10977-015) containing measured amount of protease inhibitor cocktail
Setlll, EDTA free (EMD Millipore, Cat. # 539134-1ml) followed by adding equal volume
of 2X wash buffer (100mM NaOAc and 400mM NaCl; pH 6). Protein digestion was done
using bacterial protease (Sigma, Cat. # P5147) at a concentration of 0.4mg/ml at 37°C
overnight (16h). Samples were then loaded on to a Poly-Prep column (Bio-Rad, Cat. # 731-
1550) packed with pre-equilibrated DEAE Sephacel gel (Sigma, Cat. # 16505). Columns
were washed with 10 bed volume of wash buffer (50mM NaOAc containing 200mM
NaCl; pH 6) and bound GAG were eluted using elution buffer (50mM NaOAc containing
1M NaCl; pH 6). Eluted samples were then loaded on to a PD10 desalting column (GE
Healthcare, Cat. # 17-0851-01) pre-washed with 10% ethanol. Desalted GAG samples in
10% ethanol were lyophilized and used for further analysis.
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Lyophilized samples were resuspended in MilliQ water and distributed for enzymatic
digestion of chondroitin sulfate and heparan sulfate at 37°C for 24h using 30mU of
Chondroitinase ABC (Amsbio, Cat. # AMS.E1028-02) and 10mU of Heparinase I, 11, 111
(Ibex, Cat. # PN 50-010; PN 50-011; PN 50-012 Heparinase I, Il, and I11), respectively.
Digested samples were spin-filtered using a 3K MWCO spin filtering unit (Pall Life
Sciences, Cat. # OD003C34) and tagged with 12Cg-aniline in the presence of a reducing
agent 1M NaCNBr in a mixture of DMSO: HOAc (65:35 v/v). Reductive isotope labeling
is performed at 65°C for 45 minutes, followed by incubation at 37°C for 16 h. Samples
were mixed with internal standards (13Cg-aniline tagged disaccharides from chondroitin
sulfate and heparan sulfate respectively) and LC/MS is performed in negative mode using an
LTQ-Orbitrap (Thermo Fisher Scientific) mass spectrometer.

Human data analysis—The Glycosaminoglycan biosynthesis 24 gene heparan sulfate/
heparin pathway signature and 21 gene chondroitin sulfate/dermatan sulfate signatures were
obtained from KEGG (https://www.kegg.jp/kegg-bin/show_pathway?map00534; https://
www.kegg.jp/kegg-bin/show_pathway?map00532). The D2.OR 3D dormancy signature
was previously described by Prunier et af*. The 55 gene FGF pathway signature was
obtained from the MSigDB database of GSEA (https://www.gsea-msigdb.org/gsea/msigdb/
cards/PID_FGF_PATHWAY). For neoadjuvant chemotherapy response analysis, the mean
fold change for the time points (post- treatment, surgery) is calculated relative to the pre-
treatment (baseline) group in each dataset?1~27 and an ANOVA was performed to obtain p
values. For recurrence-free survival analysis, signature scores were calculated for each of the
17 publicly available human breast cancer microarray data sets using the relative expression
of the signature genes, as was previously performed’. Within each data set, the effect size
of the association between gene expression signatures and 10-year relapse-free survival

was estimated using the hazard ratio from Cox proportional hazards regression. Effect

size estimates were combined across data sets by meta-analysis using the inverse-variance
weighting method. The associated p values were obtained using a fixed-effect model.

CN data for METABRIC and TGCA-BRCA®! was sourced from CBioPortal®? and took
the form of 0 = WT, +1 = gain, +2 = amplification, —1 = loss, —2 = deletion per gene.
Clinical data for METABRIC and TCGA-BRCA was sourced from 63 and 62, respectively.
Patients that were stage 1V at primary diagnosis or had metastasis or recurrence within a
month were removed from analysis. Recurrence-free survival was defined as time to and
incidence of local recurrence or distant metastasis. Survival coefficient was measured using
Cox proportional hazards regression per receptor subtype (HR, HER2, and the combination
thereof). When testing across receptor subtypes, HR and HER2 statuses were used as
dependent variables.

The raw read counts for the CTC data (GSE113890)*8 were downloaded from NCBI GEO
and were normalized using DESeq2. The distribution of expressed genes across all samples
ranged from 5000 to greater than 30000 genes. A cutoff of 20000 expressed genes was
established to eliminate samples that have low read counts, resulting in the exclusion of

19 patient samples and retention of 8 patient samples in the analysis. A paired t-test was
performed to determine the significance of the fold change between the CTC and metastatic
groups.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For each gene expression signature in each data set, signature scores were calculated as
weighted averages of z-score transformed expression data across signature genes, where the
z-score transformation was done for each gene across the samples, and the weights are 1 for
genes expected to be positively associated with the signature target (e.g. dormancy) and -1
for genes expected to be negatively associated with the signature target.

CRISPR screen sequencing reads were de-convoluted using the unique barcodes associated
with each sample and mapped to sgRNA sequences. The abundance of each sgRNA

was normalized by the median of ratios (MoR, as implemented in DESeq?2), the total

read count (T, as % of total), the robust z-score (RZ, with median-centering and MAD-
scaling), trimmed mean of M-values (TMM, as implemented in edgeR), and normalized
rank (NR, as percentile rank) following which depletion and enrichment scores for each
sgRNA were calculated by MAGeCK or the Mann-Whitney U test followed by robust rank
aggregation (RRA). False positive rates were controlled for using data from the size matched
non-targeting negative control (NC) sgRNA library. In addition to the five normalization
methods above, an NC-centric version of MoR was done using negative control gRNAs to
calculate scaling factors instead of using all gRNAs, and an NC-centric version of RZ was
done using the median and MAD values calculated from negative control gRNAs instead

of all gRNAs. Methods with the highest sensitivity were as follows: MAGeCK-RRA-M,
MAGeCK-RRA-T, MW-RRA-MoR, MW-RRA-NC_MoR, MW-RRA-NC_RZ, MW-RRA-
NR, MW-RRA-RZ, MW-RRA-TMM. Using p values from the 8 tests above, hits called by a
larger number of tests were prioritized for further validation.

To determine differences between multiple groups, ANOVA followed by Tukey’s multiple
comparisons test was used. In cases where the data were not normally distributed, the
Mann-Whitney U test was used to determine statistical significance. Survival curves were
subjected to Kaplan-Meier analysis and p values and hazard ratios were calculated using the
Mantel-Haenszel method.
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Refer to Web version on PubMed Central for supplementary material.
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. Dormant residual tumor cells (RTCs) upregulate heparan sulfate (HS)

. CRISPR-Cas9 screen identifies B3galt6 as a regulator of RTC survival and

. B3galt6 is required for glycosaminoglycan-protein linkage to generate

. Dormant RTCs upregulate B3galt6/Hs6st1/Fgfl/Fgfr2 signaling to maintain
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Korde Ll 14 Post-Tx 0.68 0.025 1 cycle of docetaxel + capecitabine
2010
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| ggﬂ(eler | }» 25 Post-Tx 0.98 5.4e-05 4 cycles of epirubicin + cyclophosphamide

Fig. 1: Dormant tumor cells display cell-autonomous upregulation of ECM-related genes

following therapy

A. Experimental schematic indicating time points for the in vitro dormancy (IVD) assay
using MTB/TAN cells. B. Immunofluorescence for Her2 (green), Ki67 (red), and EdU
(grey) with Hoechst nuclear staining (blue) in 1VVD. Scale bar=100um. C. Quantification
of (B) represented as mean + standard deviation (SD). Inset displays the percentages

at deinduction time points on a logq y-axis. D. Hypergeometric test and Venn diagram
depicting the overlap between the in vivo and IVD-derived upregulated genes. E. Top 20
Reactome gene ontology terms for the overlapping upregulated gene set. ECM-associated
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categories highlighted in red. F. Core RTC signature enrichment following neoadjuvant
therapies vs. pre-treatment (pre-tx) samples across 6 patient datasets measured by effect size
(mean of pair-wise difference in signature scores). Significant effects are highlighted in pink.
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F_ig. 2: An ECM-focused loss-of-function screen identifies B3galt6 as a regulator of RTC fitness in
VIVO

A. Fuzzy c-means clustering using cluster # (c)=3, fuzzifier (m)=1.95 identifies one cluster
that displays reversible, dormancy-dependent upregulation of genes at 8h, D1, D3, D7, D14,
D28 (deinduction) time points. 6 genes (of 3450) in this cluster are indicated. Asterisks
indicate significant changes in normalized read counts vs. DO (baseline) *p<0.05, **p<0.01,
***<0.001, ****p<0.0001. B. In vivo CRISPR-Cas9 screen schematic. Stereoscope images
of representative lesions are shown. Scale bar=2mm. C. Gini index for heterogeneity at
sequential time points assayed in the screen. Data are represented as median + range. D.
Target identification criterion and list of CRISPR-Cas9 screen depletion hits identified by 2—
8 statistical methods used for calling hits. Top hit B3galt6is highlighted (bold). E. Log, fold
change (normalized) gene-level effect size plots for B3galt6 sgRNAs in different pairwise
comparisons using PT, D7, or D14 as baselines. Grey histogram depicts the background
distribution of sgRNAs in the CRISPR-Cas9 screen, colored vertical lines depict each
sgRNA targeting B3galté.
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Fig. 3: B3BGALT6 promotes RTC survival during dormancy
A. B3GALT6 (red box) function in tetrasaccharide linker synthesis and proteoglycan

assembly. Typical disaccharide repeat units in heparan sulfate, chondroitin sulfate, and
dermatan sulfate are indicated. Ser=Serine, Xyl=Xylose, Gal=Galactose, GlcA=Glucuronic
acid, GIcNAc=A-Acetylglucosamine, GaINAc=N-Acetylgalactosamine, IdoA=lduronic
acid. B. Immunofluorescence and C. distribution of pixel intensities for heparan sulfate
(red) in Her2-dependent-Cas9 cells transduced with sgRosa, sgB3galt6 3, or sgB3galt6 1
SgRNAS (green). Scale bar=100um. 1+, 2+, 3+ refer to pixel intensity bins corresponding

to 8001-16000, 16001-24000, and 24001-65535 pixels, respectively. Data are represented
as mean + standard error of mean (SEM). D. IVD competition assay schematic. E. ddPCR
data quantifying percentage change in sgB3galt6 3 (dark blue) and sgB3galt6 1 (light blue)
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GFP+ cells normalized to sgRosa (grey) cell numbers. Data are represented as mean *

SD. n=3 biological replicates/group. ****p<0.0001. F. Schematic for in vivo competition
assay with stereoscope images of representative lesions harvested. Scale bar=2mm. G.
ddPCR data quantifying GFP+ cell percentage in sgRosa (grey), sgB3galt6_3 (dark blue),
and sgB3galté 1 (light blue) groups. Data are represented as median + range. ns=non-
significant, ****p<0.0001. n=3 PT, 7 D10 RL, 7 D28 RL/group. H-K. Immunofluorescence
(H) and quantification (I) for EdU (red) or for TUNEL (red) (J, K) in Her2-dependent-Cas9
sgRosaand sgB3galt6_3 (green) PTs, D4, and D7 residual lesions (RLs). Scale bar=100um.
Quantification in the sgRosa (grey) and sgB3galt6 3 (dark blue) groups is represented as
mean + SD. n=6 PT, 8 D4 RL, 10 D7 RL/group. ***p<0.001.
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Fig. 4: B3BGALT6 promotes recurrence following dormancy
A. Recurrence-free survival assay using multiplicity of infection (MOI)=5. B. Kaplan-

Meier analysis of recurrence-free survival for sgRosa (grey), sgB3galt6_3 (dark blue), and
sgB3galt6 1 (light blue) groups. n=20 mice/group. RFSgg=median time-to-recurrence. C.
Stereoscope images of representative recurrences. Dotted white lines represent tumor edges
identified in corresponding bright field images. Scale bar=2mm. D. Quantification of GFP+
cells in recurrent tumors as measured by ddPCR for sg/Rosa (grey), sgB3galt6_3 (dark blue),
and sgB3galt6 1 (light blue) groups. Data are represented as median + range. *p<0.05,
***n<0.001. E. Recurrence-free survival assay using MOI=10. F. Kaplan-Meier analysis

of recurrence-free survival for sgRosa (grey) and sgB3galté_3 (dark blue) groups. n=20
mice/group. RFSsg=median time-to-recurrence. G. Stereoscope images of representative
recurrences. Scale bar=2mm. H. Quantification of GFP+ cells measured by ddPCR for
sgRosa (grey) and sgB3galt6 3 (dark blue) recurrences. Data are represented as median

+ range. ns=non-significant. I-L. Immunofluorescence (I) and quantification (J) for EdU
(red) or for TUNEL (red) (K, L) in Her2-dependent-Cas9 sgRosa and sgB3galt6_3 (green)
recurrences. sg/Rosa recurrences were harvested 41-83d post-de-induction, sgB3galt6 3
recurrences were harvested 53-139d post-de-induction. Scale bar=100um. Quantification in
sgRosa (grey) and sgB3galt6 3 (dark blue) groups is represented as mean + SD. *p<0.05.
M. Log, growth rate of sgRosa (grey) and sgB3galt6_3 (dark blue) recurrent tumors. Data
are represented as median + interquartile range.
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Fig. 5: B3BGALT6 promotes tumor cell survival and outgrowth in microenvironment-induced
models of dormancy

A. Application of a gene expression signature derived from D2.0OR (indolent) cells vs.
D2AL1 (aggressive) cells in 3D to IVD temporal profiling of Her2-dependent tumor cells.
Asterisks indicate significant changes in normalized read counts vs. DO (baseline) *p<0.05,
**<0.01, ***p<0.001. B. Top 20 gene ontology terms for the upregulated set of genes
selectively enriched in D2.0R cells in 3D. ECM-associated categories are highlighted in
red. C. Brightfield and fluorescence images of shScrambled and shB3galt6 D2.0R cells
grown in 3D on basement membrane extract (BME) and D. viable cell numbers measured
at D4, D8, and D12 time points. Dotted line indicates cell number at DO. Scale bar=100um.
Data are represented as mean + SD. n=4 replicates/group. ns=non-significant, *p<0.05,
****<0.0001. E. Brightfield and fluorescence images of shScrambled and sh B3galt6
D2.0R cells grown in 3D on BME + collagen | (Col I) and F. viable cell numbers measured
at D4, D8, and D12 time points. Dotted line indicates cell number at DO. Scale bar=100um.
Data are represented as mean + SD. n=4 replicates/group. ns=non-significant, *p<0.05,
**kk n<0.0001.
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Fig. 6: Heparan sulfate synthesis is upregulated during dormancy and associated with worse
recurrence-free survival in patients with breast cancer

A. Liquid chromatography/mass spectrometry (LC/MS) analysis of heparan sulfate (blue)
and chondroitin sulfate (yellow) GAGs performed on DO and D7 in vitro samples.

Data are represented as mean * SD. n=4 biological replicates/group. ns=non-significant,
**x*n<0.0001. B-E. Immunofluorescence and distribution of pixel intensities for heparan
sulfate (B, C) and chondroitin sulfate (D, E) (red) in PTs and D7 RLs derived from
Her2-dependent-Cas9 cells with sgRosa (green). Scale bar=100um. 1+, 2+, 3+ refer to
pixel intensity bins corresponding to 8001-16000, 16001-24000, and 24001-65535 pixels,
respectively. Data are represented as mean £ SEM. F. Viable cell numbers measured at

D7 following daily treatment of Her2-dependent cells with vehicle, heparin low dose (lo;
5ug/ml), or heparin high dose (hi; 25pg/ml). n=4 replicates/group. ns=non-significant,
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***p<0.001, ****p<0.0001. G. Forest plots of hazard ratios (HR) and 95% confidence
intervals (CI) as a function of heparan sulfate/heparin or H. chondroitin sulfate/dermatan
sulfate KEGG biosynthesis signatures in patients with breast cancer recurring within 10
years after initial treatment. Red dashed lines depict the shift in HR across 16 human
datasets. Average HR highlighted in bold.
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Fig. 7: Heparan sulfate 6-O-sulfation is selectively upregulated during dormancy and potentiates
FGF1 signaling

A. LC/MS on DO (baseline), D7, D28 (deinduction), and D28+ (reinduction) 1IVD samples
identifying the molar percentages of modifications on disaccharide units comprising
iduronic/glucuronic acid and glucosamine. Relative proportions of A-acetylglucosamine
(NV-Ac; light pink), unsubstituted glucosamine (NH,; dark pink), B. A-sulfoglucosamine
(N-S; dark blue), C. Uronyl-2-O-sulfates (2- O-SOg; light blue), and D. Glucosaminyl-6-
O-sulfates (6- O-SOg; green) are depicted as mean £ SD. ns=non-significant, *p<0.05,
**<0.01, ***p<0.001, ****p<0.0001. E. Normalized read counts indicating reversible
upregulation of Fgfl and F. Hs6st1 at 8h, D1, D3, D7, D14, D28 (deinduction) time
points. Asterisks indicate significant changes in normalized read counts vs. DO (baseline)
*p<0.05, **p<0.01,***p<0.001. G. Log, fold-change (normalized) gene-level effect size
plots for Hsést1 in pairwise comparisons using PT or D7 as baselines. Grey histogram
depicts the background distribution of sgRNAs in the CRISPR-Cas9 screen, colored vertical
lines depict each sgRNA targeting Hs6st1. H. Viable RTC counts at D7 quantifying the
percentage change relative to sgRosa RTCs in sgB3galt6 3, sqB3galt6 1, sqHs6st1 2,
and sgHs6st1_1 Her2-dependent-Cas9 cells treated with FGF1 (25ng/ml), heparin (25ug/
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ml), or FGF1 (25ng/ml) + heparin (25ug/ml). n=6 replicates/group. ****p<0.0001. I.
Brightfield and fluorescence images of shScrambled controls and shB3galté D2.0OR cells
following treatment with vehicle, FGF1 (25ng/ml), heparin (25ug/ml), or FGF1 (25ng/ml)
+ heparin (25pg/ml) in basement membrane extract (BME) or J. BME + collagen | (Col I).
Scale bar=100um. K. Viable shB3galt6 cell numbers normalized to shScrambled controls
measured at D10 following treatment of D2.0OR cells with FGF1 (25ng/ml), heparin (25ug/
ml), or FGF1 (25ng/ml) + heparin (25ug/ml) in BME or BME + Col I. n=4 replicates/group.
**p<0.01,****p<0.0001.
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Fig. 8: Upregulation of heparan sulfate 6-O-sulfation during dormancy promotes RTC survival
and recurrence in part by promoting FGFR2 signaling

A. Normalized read counts indicating the expression of Fgfr1 and Fgfr2. Asterisks indicate
significant changes in normalized read counts vs. DO (baseline) * p<0.05, **p<0.01,
***<0.001. B. Log, fold-change (normalized) gene-level effect size plots for Fgfr2in
pairwise comparisons using PT or D7 as baselines. Grey histogram depicts the background
distribution of sgRNAs in the CRISPR-Cas9 screen, colored vertical lines depict each
SgRNA targeting Fgfr2. C. qRT-PCR for FGFRZ2transcripts in MCF7 and BT-474-M1
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cells treated with vehicle (grey) or targeted therapies (pink), 7.e., Fulvestrant (100nM), and
Lapatinib (400nM), respectively. Fold-change calculated relative to the vehicle controls.
n=3 biological replicates/group. D. Viable cell numbers in 72h targeted therapy-treated cells
measured after an additional 72h daily treatment with vehicle or hFGF1 (25ng/ml, orange)
(normalized to vehicle-treated controls) E. Western blot analysis of phospho-ERK1/2
(PERK1/2) and total ERK1/2 (tERK1/2) levels in sgRosa, sgB3galt6 3, sqB3galt6 1,
SQHs6st1 2, sgHs6stl 1, sgFgfr2 2, and sgFgfr2_3 Her2-dependent-Cas9 cells at DO
(baseline), D4, and D7 (deinduction) time points. Numbers indicate relative quantification
of pERK1/2/tERK1/2 signal normalized to sgRosa levels within each time point. F.
pERK1/2/tERK1/2 signal normalized to each sgRNA’s baseline level at DO. Asterisks
indicate significant changes vs. sg/~osa signal within the time point (baseline). Inset
displays relative pERK1/2/tERK1/2 levels at D7 on a linear y-axis. *p<0.05, **p<0.01,
***<0.001. G. Immunofluorescence and H. quantification for TUNEL (red) in Her2-
dependent-Cas9 sgRosa, sgHs6st1_1, and sgFgfr2 1 (green) PTs and D7 RLs. n=6 PT,

14 D7 RL/group. Scale bar=100pm. Quantification in the sgRosa (grey), sgHs6st1_1
(purple), and sgFgfr2_1 (pink) groups is represented as mean + SD. *p<0.05, **p<0.01.

I. ddPCR data quantifying GFP+ cell percentage in sgRosa (grey), sgB3galt6 1 (blue),
sgHs6st1 1 (purple), and sgFgfr2_1 (pink) groups and sgB3galt6_1+sgRosa (grey - blue
outline), sgB3galt6_1+sgHs6st1 1 (purple - blue outline), sgB3galt6_1+sgFgfr2 (pink - blue
outline), and sgFgfr2+sgHs6stl 1 (purple - pink outline) combinatorial groups. Data are
represented as median + range. n=3 PT, 7 D10 RL/group. ns=non-significant, *p<0.05,
****<0.0001. J. Kaplan-Meier analysis of recurrence-free survival for the sg~osa (grey),
sgHs6st1_1 (purple), and sgFgfr2_1 (pink) groups. n=20 mice/group. RFSsg=median time-
to-recurrence. K. Kaplan-Meier analysis of recurrence-free survival in patients across breast
cancer subtypes (left) and in the hormone receptor (HR)+ breast cancer subtype (right) with
amplification of B3GALT6, HS6S5T1, FGF1, or FGFRZin the TCGA-BRCA dataset. L.
Kaplan-Meier analysis of recurrence-free survival in patients across breast cancer subtypes
(left) and in the hormone receptor (HR)+, HER2- breast cancer subtype (right) with copy
number gain of FGFRZ2in the METABRIC dataset. M. Log, DESeq normalized reads for
B3GALTS6, HS65T1, FGF1, and FGFRZin paired CTC and metastasis samples from n=8
patients with breast cancer. FC=fold change.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-Ki67 Thermo Fisher Scientific Cat#14-5698;
RRID:AB_2865120

Rabbit anti-Her2 Cell Signaling Cat#2165;
RRID:AB_10692490

Rabbit anti-cleaved Caspase-3 Cell Signaling Cat#9664;
RRID:AB_2070042

Mouse anti-Chondroitin sulfate Sigma Cat#SAB4200696

Mouse anti-Heparan sulfate Amsbio Cat#370225

Rabbit anti-GFP Cell Signaling Cat#2956;

RRID:AB_1196615

Mouse anti-GFP

Takara, Living Colors

Cat#632381;
RRID:AB_2313808

Rabbit anti-phospho-ERK1/2 (Thr202/Tyr204) Cell Signaling Cat#9101;
RRID:AB_331646

Rabbit anti-ERK1/2 Cell Signaling Cat#9102;
RRID:AB_330744

Mouse anti-b-Tubulin BioGenex Cat#MU122;

RRID:AB_2335622

Goat anti-mouse 1gG2a Alexa488

Thermo Fisher Scientific

Cat#A21131;
RRID:AB_2535771

Goat anti-rabbit 1IgG Alexa488

Thermo Fisher Scientific

Cat#A11034;
RRID:AB_2576217

Goat anti-rabbit IgG Alexa594

Thermo Fisher Scientific

Cat#A11012;
RRID:AB_2534079

Goat anti-rat 1IgG Alexa568

Thermo Fisher Scientific

Cat#A11077;
RRID:AB_2534121

Goat anti-mouse IgM Alexa568

Abcam

Cat#ab175702

anti-mouse 680LT

LI-COR Biosciences

Cat#925-68020;
RRID:AB_2687826

anti-rabbit 800CW

LI-COR Biosciences

Cat#925-32211;
RRID:AB_2651127

Bacterial and Virus Strains

One Shot™ SthI3™ Chemically Competent Thermo Fisher Scientific Cat#C737303

Lentivirus This paper N/A

Chemicals, Peptides, and Recombinant Proteins

mFGF1 R&D Systems Cat#AF4686

Heparin Fisher Scientific Cat#AAA1619803
Fulvestrant Selleck Chemicals Cat#S1191

Lapatinib Selleck Chemicals Cat#S2111

Heparin lyase Amsbio Cat#tAMS.HEP-ENZ I11-S
Chondroitinase ABC Amsbio Cat#AMS.E1028-02

Critical Commercial Assays
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cell Titer 96 Non-Radioactive Cell Proliferation | Promega Cat#G4000

Assay

In Vivo EdU Click Kit 647 Sigma Aldrich Cat#BCK647-1V-IM-S

Click-iT™ Plus TUNEL Assay for In Situ
Apoptosis Detection, Alexa Fluor™ 647 dye

Thermo Fisher Scientific

Cat#C10640

Deposited Data

MTB/TAN in vitro dormancy signature: RNA-
sequencing data

This paper

Gene expression omnibus (GEO) accession no.
GSE241252

BRCA

MTB/TAN in vivo dormancy signature Lewis A. Chodosh’ N/A
D2.0R 3D signature Laila Ritsma34 N/A
Neoadjuvant chemotherapy response Clemens B. Tempfer?L; J Michael N/A
Dixon22; Andrew H Sims23;
John Michael Dixon?4; Jo Anne
Zujewski®s; Fatima Mechta-
Grigoriou?s; Lajos Pusztai?”
Copy number data - METABRIC, TCGA- cBioPortal62 63 N/A

Circulating tumor cell data

Julie E. Lang*®

Gene expression omnibus (GEO) accession no.
GSE113890

Experimental Models: Cell Lines

MTB/TAN-derived primary tumor cells MMTV-rtTA, TetO-HERZ/neu N/A
(MTB/TAN) transgenic mouse
primary tumor; generated by our
laboratory>®
D2.OR Mikala Egeblad N/A
D2A1 Mikala Egeblad N/A
MCF7 ATCC Cat#HTB-22
BT474-M1 Mien-Chie Hung N/A
Experimental Models: Organisms/Strains
Mouse: MTB/TAN. MMTV-rtTA, TetO- This laboratory>® N/A
HERZ2/neu
Oligonucleotides
List of sgRNAs used in the CRISPR/Cas9 Table S1 N/A
screen
ICE analysis primer sequence: sgRosa Sigma F-GCGGGAGAAATGGATATGAA; R-
GCACTTGCTCTCCCAAAGTC
ICE analysis primer sequence: sgB3galt6_3, Sigma F-CAGGTCCGCAGAAAGGACAT; R-
sgB3galt6 1 ACCACTCTGTTGTACCTGGC
ICE analysis primer sequence: sgHs6st 2, Sigma F-ATCCTTTACCAGTACGCGGG; R-
sgHs6st 1 AGTGACCCAGGAGGAAGTCT
ICE analysis primer sequence: sgFgfr2_1 Sigma F-CCTACTTGGGATTGCCAGCA; R-
GGTTTCTGCAATCTGGACGC
ICE analysis primer sequence: sgFgfr2_3 Sigma F-GAAATGGGCCCACTGAGTCA,; R-
TTCGTGTCTCTCGGTTGTGG
Recombinant DNA
LentiVV_Cas9_puro Christopher R Vakoc® Addgene, Cat#108100;

RRID:Addgene_108100
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REAGENT or RESOURCE SOURCE IDENTIFIER

LRG2.1 Christopher R Vakoc® Addgene, Cat#108098;
RRID:Addgene_108098

LRG Christopher R Vakoc® Addgene, Cat#65656;
RRID:Addgene_65656

LRmCherry2.1 Christopher R Vakoc® Addgene, Cat#108099;
RRID:Addgene_108099

pMD2.G N/A Addgene, Cat#12259;
RRID:Addgene_12259

psPAX2 N/A Addgene, Cat#12260;
RRID:Addgene_12260

Software and Algorithms

QuPath-0.3.0 N/A https://qupath.github.io/
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