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SUMMARY

WNT morphogens trigger signaling pathways fundamental for embryogenesis, regeneration, and cancer.
WNTs are modified with palmitoleate, which is critical for binding Frizzled (FZD) receptors and activating
signaling. However, it is unknown how WNTs are released and spread from cells, given their strong lipid-
dependent membrane attachment. We demonstrate that secreted FZD-related proteins and WNT inhibitory
factor 1 are WNT carriers, potently releasing lipidated WNTs and forming active soluble complexes. WNT
release occurs by direct handoff from the membrane protein WNTLESS to the carriers. In turn, carriers donate
WNTs to glypicans and FZDs involved in WNT reception and to the NOTUM hydrolase, which antagonizes
WNTs by lipid moiety removal. WNT transfer from carriers to FZDs is greatly facilitated by glypicans that serve
as essential co-receptors in Wnt signaling. Thus, an extracellular network of carriers dynamically controls
secretion, posttranslational regulation, and delivery of WNT morphogens, with important practical implica-
tions for regenerative medicine.

INTRODUCTION dent mechanisms involving c-Jun N-terminal kinase (JNK) or

Ca?* signaling.'”'®

Morphogens are secreted proteins that spread from producing
cells and activate signaling pathways that control the fate of
distant cells." Morphogens of the WNT family, which has 19
members in humans, are critical for numerous developmental
processes,” post-embryonic regeneration,®* and tissue ho-
moeostasis.”® Deficient Wnt signaling during development
causes birth defects,® whereas excessive signaling is involved
in multiple cancers.®”:®

WNTs signal by engaging a receptor of the GPCR-related Friz-
zled (FZD) family® and a co-receptor. Depending on the co-re-
ceptor employed, WNTs elicit distinct downstream transduction
cascades.'® Canonical WNTs (such as WNT3A) use the lipopro-
tein-receptor-related proteins LRP5 and LRP6 as co-recep-
tors'""? and stabilize the transcriptional co-activator p-catenin,
thus eliciting a specific transcriptional program.’®'* Non-canon-
ical WNTs (such as WNT5A) utilize the tyrosine-kinase-like
orphan receptors ROR1 and ROR2 as co-receptors'®'® and
exert effects on cell and tissue polarity via transcription-indepen-

All WNTs are modified with palmitoleic acid on a conserved
serine residue,'®?° catalyzed by the endoplasmic reticulum
(ER)-resident O-acyl-transferase, Porcupine (PORCN).?"%?
Lipidation plays a key role in several steps in Wnt signaling.
First, it is required for WNT secretion, by interaction with
the essential membrane protein WNTLESS (WLS),*** which
escorts WNTs from the ER to the cell surface. Second, in
Drosophila, WNTs interact in a lipid-dependent manner with
the glypican Dally-like protein (DIp),>® a GPI-anchored proteo-
glycan required for Wnt signaling upstream of FZD. Third, lip-
idation is critical for WNT binding to FZDs® and thus for initi-
ating signaling.

Lipidated WNTSs are also regulated by several extracellular pro-
teins. The acyl-hydrolase NOTUM interacts with WNTs and re-
moves their palmitoleate moiety,2® thus inactivating them. In ver-
tebrates, two developmentally expressed classes of proteins, the
secreted FZD-related protein (SFRP) family””*® and WNT inhibi-
tory factor 1 (WIF1),?° bind WNTSs in a lipid-dependent manner®"
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Figure 1. SFRPs and WIF1 rapidly release WNTs from cells by direct handoff from WLS
(A) Model of WNT release from cells by SFRPs and WIF1.
(B) Purified SFRPs and WIF1 (1 uM) were added to WNT3A-producing cells, and WNT released into serum-free media was assayed by immunoblotting. Incu-
bation with bovine serum albumin (BSA) and AFM served as negative and positive control, respectively. See Figure S1A for protein purification.
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and are thought to inhibit signaling,”>=? by competing for the
interaction with FZD.

Although essential for function, lipid modification renders
WNTs highly hydrophobic and thus strongly attached to mem-
branes,*® a property that has long frustrated efforts to obtain
active soluble WNTs. Currently, purified WNTs are kept soluble
using detergent, but such preparations have poor stability.>*>°
Aqueous insolubility of WNTSs also raises the fundamental ques-
tion of how they spread from producing cells to signal at a dis-
tance. Over the years, various models have been proposed to
account for long-range WNT transport. In one class of models,
WNTs are transported by particulate carriers, such as exo-
somes®®*” and lipoproteins.®® Recently, however, experiments
in Drosophila®® showed that neither exosomes nor lipoproteins
are required for Wnt signaling and failed to detect an interaction
between these particles and Wingless (Wg), the major WNT
ligand in flies. In another model, WNTs are transported on the
surface of actin-based protrusions that emanate from WNT-
producing cells, called cytonemes.>® Although cytonemes
could explain the spread of WNTs, the question remains of
how WNTs are solubilized, to move from the cytoneme mem-
brane to the target cell. However, another category of models
involves dedicated WNT carriers. This was first suggested by
the observation that serum releases WNTs from cultured
cells,*? an activity later ascribed to Afamin (AFM),*" a serum al-
bumin protein family member. However, Wnt signaling begins
in early development, well before fetal circulation, leaving
open the question of how WNTs are released during this
period. Furthermore, it is unclear whether AFM requires WLS
for WNT solubilization or if AFM and WLS operate in distinct
pathways. Finally, carriers are expected to interact with the
WNT lipid moiety, which is critical for binding to FZDs, raising
the question of how WNTs can be exchanged between mutu-
ally exclusive partners.
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Here, we investigate the mechanisms by which vertebrate
WNTs are solubilized and delivered to responding cells. We
show that SFRPs and WIF1 are WNT carriers, rapidly releasing
WNTs from cells in a lipid- and WLS-dependent manner. We
demonstrate that WNT release occurs by direct handoff from
WLS to carriers. WNT release by AFM also requires WLS, indi-
cating that WLS can donate WNTSs to diverse carriers. Strikingly,
the soluble and highly stable WNT carrier complexes activate
Wnt signaling, in contrast with the long-standing idea that
SFRPs and WIF1 are inhibitory, a behavior observed at high car-
rier excess. WNT carrier complexes can transfer WNTs directly
to FZDs, but the process is greatly facilitated by a subset of
vertebrate glypicans (GPCs), providing a mechanism for the
essential role we find for GPCs in vertebrate Wnt signaling. The
carriers can also hand off WNTs to NOTUM, thus facilitating
WNT inactivation. Finally, we uncover evidence of specificity in
the transfer of WNTs from carriers to NOTUM. Our results define
a complex network of extracellular lipid-dependent carriers that
control the spreading and activity of WNT morphogens and
define strategies for producing active and stable WNT prepara-
tions for regenerative medicine.

RESULTS

SFRPs and WIF1 promote the release of WNTs from cells

We hypothesized that dedicated carriers solubilize WNTs during
embryogenesis, by shielding the palmitoleate moiety (Figure 1A).
We thus tested whether WNTs can be released from cells by two
developmentally expressed protein families implicated in bind-
ing lipidated WNTs: SFRPs,?”*® which include five members in
humans, and WIF1, with one member.?° As shown in Figures
1B and 1C, both canonical WNT3A and non-canonical WNT5A
were not secreted in the absence of serum. Adding purified
SFRPs 1-5 or WIF1 (Figure S1A) caused robust secretion of

(C) As in (B), but with WNT5A-producing cells.

(D) Schematic of the NanoLuc luciferase (NL) WNT release assay. Cells stably expressing NL-WNT are pre-incubated with cycloheximide (CHX) to inhibit protein
synthesis. NL-WNT release is initiated by addition of carrier (1 uM) in serum-free media and is measured at various time points by NL luminescence.

(E) Kinetics of NL-WNTB3A release by purified carriers (1 puM), measured as in (D). Data represent the mean of two biological and three technical replicates,
normalized to total NL-WNT in lysates, and error bars show SD. See Figures S1B-S1L and S2A-S2D for additional characterization of WNT release and its

dependence on PORCN and WLS.
(F) As in (E), but measuring NL-WNT5A release.
(G) Domain structure of SFRPs and WIF1.

(H) NL-WNT3A release by purified full-length (FL) SFRP2, CRD only, or NTR domain only (1 uM each). BSA was used as negative control. CRD is necessary and
sufficient for WNT release. Data represent the mean of two biological and three technical replicates, normalized by total NL activity in the lysates, and error bars

show SD. See Figure S1H for protein purification.
(I) As in (H), but measuring NL-WNT5A release.

(J) As in (H), but with purified FL WIF1, WIF domain only, or WIF1 EGF-like domains only (1 uM). WIF domain is necessary and sufficient for WNT3A release. See

Figure S1l for protein purification.
(K) As in (J), but measuring NL-WNT5A release.

(L) Experimental setup for WNT transfer from WLS-NL-WNT beads to carriers.

(M) WLS-NL-WNT3A complex was covalently captured on HaloLink beads, via HaloTag (HT7) attached to the C terminus of WLS. The beads were then incubated
with SFRP2 (4, 6, 8, and 12 uM), and NL-WNT release was measured at various time points. Incubation with BSA (12 uM) served as negative control. NL-WNT3A is
rapidly transferred from WLS to SFRP2, reaching saturation at 6 uM. Points represent average of two biological and three technical replicates, normalized to total
NL-WNT on beads, and error bars represent SD.

(N) As in (M), but WLS-NL-WNT3A beads were incubated with AFM (4, 6, 8, and 12 pM).

(O) Schematic for WNT transfer from WLS to carriers.

(P) WLS-WNT5A complex was captured on antibody beads via a HPC tag attached to the C terminus of WLS. The beads were incubated with SFRP2 or WIF1
(3 uM), and WNT5A release was measured by immunoblotting. Incubation with the ectodomain of GAS1*? served as negative control. WNT5A is transferred to
SFRP2 and WIF1, but not to GAS1. See Figures S2E and S2F for WLS-WNT5A purification.

See also Figures S1 and S2 for additional characterization of carrier purification, NL-WNTs release, and role of PORCN and WLS in WNT release by carriers.
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Figure 2. WNT3A-carrier complexes activate Wnt signaling

(A) Schematic of canonical Wnt reporter system, consisting of firefly (Ff) luciferase under the control of a TCF-responsive promoter (pTRE

)46 and constitutively

expressed Renilla luciferase. Left: in the absence of stimulation, TCF proteins repress transcription. Right: upon Wnt stimulation, B-catenin accumulates and

forms a complex with TCF that activates target gene expression.

(B) Purified carriers (1 pM) were added to L-WNT3A cells and Wnt activity was measured in serial dilutions of the conditioned media. Incubation with BSA served
as negative control. WNT3A released by SFRP1, SFRP2, and WIF1 activates signaling. Points represent average activation for two biological and three technical
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WNT3A and WNT5A, similar to the serum carrier, AFM*’
(Figures 1B and 1C). These results indicate that all SFRPs and
WIF1 can release WNTSs from cells.

To characterize WNT release with greater sensitivity and tem-
poral resolution, we turned to WNTs tagged with NanoLuc lucif-
erase (NL)** (Figure S1B). As shown in Figures S1C-S1E, various
NL-tagged WNTs were readily released by SFRPs and WIF1 but
not by serum-free media, indicating that NL-WNTs recapitulate
the behavior of untagged WNTs. To determine secretion kinetics
without the confounding effect of continued synthesis, we
measured NL-WNT release from cells in which translation was
blocked (Figure 1D). Under these conditions, WNT release by
SFRPs and WIF1 was observed after as little as 2 min, continuing
linearly and reaching a plateau after 15-30 min (Figures 1E, 1F,
S1F, and S1G). These data indicate that WNT release by carriers
is rapid and saturable, consistent with a binding equilibrium be-
tween WNTSs and their carriers.

Finally, we asked if WNT release involves the carriers’ lipid-
binding domains, represented by the cysteine-rich domain
(CRD)° of SFRPs and the WIF domain®' of WIF1. To this end,
we purified separately the CRD and the netrin-related motif
(NTR) of SFRP2 and the WIF domain and epidermal growth fac-
tor (EGF)-like domains (WIF1 EGF-like) of WIF1 (Figures 1G, S1H,
and S1l). WNTs were released by SFRP2-CRD but not by
SFRP2-NTR (Figures 1H and 1l) and the WIF domain, but not
by WIF1 EGF-like (Figures 1J and 1K). Thus, the lipid-binding
domains of the carriers are necessary and sufficient for WNT
release, suggesting that carriers solubilize WNTs by shielding
their lipid moiety.

WNT release by SFRPs and WIF1 is lipid and WLS
dependent

PORCN?"*? and WLS?*?* are essential for WNT biosynthesis,
by catalyzing lipid modification and transporting WNTs to
the plasma membrane, respectively. We thus asked whether
PORCN and WLS are required for WNT release by carriers. Phar-
macological inhibition of PORCN potently blocked WNT release
by all carriers (Figures S1J-S1L). Similarly, WNT release was
abolished (Figures S2A-S2D) in WLSX® cells (Table S1), which
was reversed by reintroducing WLS (Figures S2A-S2D).
Together, these results indicate that WNT release by all carriers
requires WNT lipidation and WLS.

WNTs are directly handed off from WLS to carriers
The movement of WNTs from WLS to carriers might occur
by direct handoff or indirectly, via an intermediate. To distin-

¢ CellP’ress

guish between these possibilities, we assayed the transfer
of NL-WNT3A from WLS on beads to purified SFRP2 and
AFM in solution (Figure 1L). As shown in Figures 1M and 1N,
NL-WNT3A was rapidly transferred to SFRP2 and AFM, but
not to a control protein; importantly, the transfer was dose
dependent and saturable by carrier. Furthermore, a purified
stoichiometric WLS-WNT5A complex (Figures S2E and S2F)
readily transferred WNT5A to SFRP2 and WIF1 (Figures 10
and 1P). These results demonstrate that lipidated WNTs are
directly discharged from WLS to carriers. They also show that
WLS, which is broadly required for WNT secretion, can inter-
face with several unrelated extracellular carriers.

WNTS3A carrier complexes activate signaling

We first asked whether WNT3A released by carriers can activate
canonical Wnt signaling®>“® (Figure 2A). Strikingly, WNT3A
released by all SFRPs and WIF1 robustly activated Wnt signaling
in a dose-dependent and saturable manner, similar to WNT3A
released by AFM (Figures 2B, 2C, S3A, and S3B). Consistent
with our release results, PORCN inhibition or WLS loss extin-
guished the signaling activity of conditioned media from
WNT3A-expressing cells incubated with carriers (Figures S3C
and S3D). These data demonstrate that all carriers promote
the release of lipidated, active WNT3A.

The experiments above were performed using conditioned me-
dia, allowing the possibility that other factors might affect Wnt
signaling in responding cells. To directly test the activity of
WNT3A carrier complexes, we affinity-purified them using a tag
attached to carriers. As shown in Figures S3E and S3F, WNT3A
co-purified with SFRPs and WIF1, suggesting that they form sta-
ble complexes. Based on Coomassie blue staining and quantita-
tive immunoblotting (Figures S3G-S3J), the WNT3A carrier prep-
arations appear sub-stoichiometric with respect to WNT3A, likely
because of limiting WNT3A expression. We did not attempt to
obtain stoichiometric complexes by tandem affinity purification,
as tagging WNT3A resulted in a severe loss of activity in our
hands. Even so, sub-stoichiometric WNT3A carrier complexes
strongly activated Wnt signaling (Figures 2D and 2E). These re-
sults indicate that WNT3A forms active water-soluble complexes
with all SFRPs and WIF1.

Excess carriers antagonize signaling by WNT3A-carrier
complexes

Activity of WNT3A carrier complexes was surprising, given
numerous reports of the inhibitory role of SFRPs and WIF1
in Wnt signaling (for example, Hsieh et al.,?° Dann et al.,*°

replicates, normalized to untreated reporter cells, and error bars represent SD. See Figures S3A-S3D for the activity of WNT3A released by carriers from HEK293
cells, and the dependence of WNT3A release and activity on PORCN and WLS.

(C) As in (B), but with purified SFRP3, SFRP4, SFRP5, and AFM (1 uM).

(D) As in (B), but with a dose-response for purified WNT3A-SFRP1, WNT3A-SFRP2, and WNT3A-WIF1 (0.01, 0.03, 0.1, 0.3, and 1 uM with respect to WNT3A). See
also Figures S3E-S3J for complex purification, quantitative immunoblotting, and standard WNT3A curves.

(E) As in (D), but with purified WNT3A-SFRP3, WNT3A-SFRP4, WNT3A-SFRP5, and WNT3A-AFM complexes (0.01, 0.03, 0.1, 0.3, and 1 uM with respect
to WNT3A).

(F) As in (D), but with WNT3A-SFRP1, WNT3A-SFRP2, and WNT3A-WIF1 complexes (1 uM) supplemented with additional carrier. Excess carrier inhibits WNT3A
activity in a dose-dependent manner.

(G) As in (F), but with purified WNT3A-SFRP3, WNT3A-SFRP4, WNT3A-SFRP5, and WNT3A-AFM (1 uM).

(H) Model for biphasic activity of carriers. Soluble WNT carrier complexes activate the Wnt pathway (left). High carrier concentrations compete with FZDs for
binding to WNTSs, leading to inhibition (right).

See also Figure S3 for additional characterization of the signaling activity of WNT3A-carriers.
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Figure 3. Carriers deliver canonical and non-canonical WNTs to FZDs
(A) NL-WNT3A-SFRP2 complexes were covalently captured on HaloLink beads, via HT7 attached to the C terminus of SFRP2. The beads were then incubated
with purified FZD-CRDs (5 uM), and NL-WNT3A release was measured by NL luminescence. Incubation with BSA served as negative control. Canonical WNT3A
shows a preference for transfer to FZD8-CRD. Points represent average for two biological and three technical replicates, normalized by total NL-WNT on beads,
and error bars represent SD. See also Figures S4A-S4D for the activity of WNT3A-carrier complexes on FZD(1-10)“° and WT cells rescued by the expression of

FZD1-8 and for the purification of FZD-CRDs.
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Malinauskas et al.®" and Lin et al.®?). We have previously
observed that the activity of Sonic Hedgehog (SHH)-SCUBE2
complexes is inhibited by large excesses of lipid-dependent
SHH binders.*> We thus wondered if a similar effect explains
WNT antagonism by SFRPs and WIF1. Indeed, the activity of
all WNT3A carrier complexes, including WNT3A-AFM, was in-
hibited in a dose-dependent manner by an “empty” carrier
(Figures 2F and 2G). These data indicate that carriers are inhib-
itory at high molar excess, as expected if they compete with
WNT-FZD binding (Figure 2H).

Specific carrier-mediated WNT delivery to FZDs
Canonical and non-canonical WNTs signal through distinct
FZDs.>*” We next asked if carriers can deliver WNTs to FZDs,
and whether delivery is specific. We first determined which
FZDs support signaling by canonical WNT3A-SFRP2 and
WNT3A-WIF1 complexes, by performing rescue experiments
in FZD-null (FZD(1-10)%°) cells.*® As expected, FZD(1-10)<°
cells did not respond to WNT3A-SFRP2 or WNT3A-WIF1
(Figures S4A and S4B), which was reversed upon transfection
of all FZDs except FZD3 and FZD6, consistent with previous
work implicating FZD3 and FZD6 in non-canonical Wnt
signaling.*®

We next tested whether carriers can transfer WNTs directly to
FZDs, by incubating WNT carrier complexes captured on beads
with purified FZD-CRDs (Figures S4C and S4D), which recapitu-
late WNT binding.® As shown in Figures 3A and 3B, canonical
WNT3A was readily transferred from SFRP2 and SFRP5
to FZD8-CRD, but much less efficiently to FZD3-CRD and
FZD6-CRD. In contrast, non-canonical WNT5A was preferen-
tially transferred to FZD3-CRD and FZD6-CRD (Figures 3C and
3D). By immunoprecipitating acceptor FZD-CRDs, we confirmed
that they form stable complexes with the transferred WNT
(Figures 3E, 3F, and S4E-S4G). Similar results were obtained
when WIF1 and AFM were used as donors (Figures 3G-3J).
Finally, we asked whether WNT transfer from carriers to FZDs
occurs on cells. As shown in Figure 3K, a NL-WNT3A-SFRP2
efficiently and specifically delivered NL-WNT3A to FZD(1-10)K°
cells rescued with FZD7. Together, these results indicate that
WNTs can be transferred from carriers to FZDs and that the
transfer of canonical and non-canonical WNTSs is driven by the
specificity of WNT-FZD interaction.

¢ CellP’ress

A subset of GPCs is required for vertebrate Wnt
signaling

DIp plays an essential role in Wnt reception in Drosophila,”® bind-
ing Wg in a lipid-dependent manner.?” In contrast to vertebrates,
however, flies do not have SFRPs, and their WIF1 homolog,
Shifted (Shf), is not involved in Wnt signaling.”’ We thus asked
whether vertebrate GPCs are involved in signaling by WNT car-
rier complexes, by knocking out all six GPCs in cultured human
cells (Table S1). As shown in Figures 4A, 4B, S4H, and S4l,
GPC(1-6)¥© cells displayed a strong defect in WNT responsive-
ness, which was robustly rescued by GPC1, GPC4, or GPC6
(Figures S4J and S4K). Thus, one or more of a subset of GPCs
is required for Wnt signaling in mammalian cells.

GPCs facilitate WNT transfer from carriers to FZDs

Since GPCs are expected to function upstream of FZDs, we first
asked whether GPCs can accept WNTs from carriers. Indeed,
both WNT3A and WNT5A were rapidly transferred from carriers
to purified GPC4 and GPC6 ectodomains (Figures 4C and S4L-
S40), forming stable complexes (Figures 4D and 4E). Consistent
with this result, SFRP2 delivered NL-WNT3A specifically to
GPC(1-6)K© cells rescued with GPC4 or GPC6 (Figure 4F). We
also observed reverse WNT transfer from GPC4-ecto to
SFRP2, as expected from a mass action-driven process (Figures
4G and S4P); however, GPCs were better acceptors than SFRP2
(Figures 4C, 4G, and S4M-S4P). Thus, although WNT transfer
from carriers to GPCs is reversible, forward transfer is favored,
perhaps by higher affinity of GPCs for WNT.

We next asked if GPCs can transfer WNTs to FZDs. As shown
in Figures 4H, 41, S4Q, and S4R, GPC4- and GPC6-ecto readily
donated WNT3A to FZD8, and WNT5A to FZD3 and FZD6.
Importantly, purified WNT3A-GPC4-ecto (Figure S4S) activated
Wnt signaling (Figure 4J). Finally, we asked whether GPCs might
facilitate WNT movement from carriers to FZDs. Small amounts
of GPC4-ecto strongly potentiated NL-WNT3A transfer from
SFRP2 or WIF1 to FZD8 (Figures 4K and S5A). Similar results
were obtained for NL-WNT5A transfer from carriers to FZD3
and FZD6 (Figures 4L, 4M, S5B, and S5C). In contrast, GPC2,
GPC3, or GPC5 ectodomains (Figure S5D) did not affect
NL-WNT transfer from SFRP2 to FZDs (Figures 4N-4P and
S5E-S5J). These data demonstrate that a subset of GPCs cata-
lyze WNT movement from carriers to FZDs.

B) As in (A), but with NL-WNT3A-SFRP5 on beads.

D) As in (C), but with NL-WNT5A-SFRP5 on beads.

C) As in (A) but with NL-WNT5A-SFRP2 on beads. Non-canonical WNT5A is preferentially transferred to FZD3-CRD and FZD6-CRD.

E) Beads carrying NL-WNT5A-SFRP2 were incubated with HPC-tagged FZD6-CRD or Sizzled (SZL, negative control), which were then immunopurified from the

supernatant using anti-HPC antibodies, followed by elution with HPC peptide. Samples were analyzed by NL luminescence. Input and depleted samples
represent the supernatant before and after incubation with anti-HPC beads, whereas the elution sample represents the peptide eluate. NL-WNT5A forms a stable
complex with FZD6-CRD after release from SFRP2. Points represent average for two biological and technical replicates, and error bars represent SD. See
Figures SAE and S4F for SZL purification and a similar experiment showing NL-WNT3A transfer from SFRP2 to FZD8-CRD.
(F) As in (E) but samples were analyzed by SDS-PAGE and immunoblotting. See Figure S4G for WNT3A and FZD8-CRD immunoblotting.
G) As in (A), but with NL-WNT3A-WIF1 on beads.
H) As in (A), but with NL-WNT3A-AFM on beads.
1) As in (A), but with NL-WNT5A-WIF1 on beads.

J) As in (A), but with NL-WNT5A-AFM on beads.
(K) FZD(1-10)%° cells expressing eGFP-tagged FZD7 or Smoothened (SMO, negative control) were incubated with purified NL-WNT3A-SFRP2 for 1 h, and NL-
WNT3A bound to cells was quantified by anti-NL immunofluorescence. NL-WNT3A is delivered to cells expressing FZD7, but not SMO. Data are normalized
between background signal (incubation with NL) and maximum NL-WNT3A binding (100%). Points represent average binding for one biological and four technical
replicates, and error bars represent SEM. At least 300 cells were quantified per replicate.
See Figures S4A-S4G for the additional characterization of signaling activity by WNT3A-carrier complexes.
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Figure 4. Glypicans are required for Wnt signaling and facilitate WNT transfer from carriers to FZDs

(A) Wnt pathway activation by purified WNT3A-SFRP2 (1 uM) was measured in GPC(1-6)K© cells. Wnt responsiveness is impaired in the absence of GPCs and is

rescued by the expression of eGFP-tagged GPC1, GPC4 or GPC8, but not SMO (negative control). Bars represent average activation for two biological and
(legend continued on next page)

8 Developmental Cell 59, 1-18, January 22, 2024



Please cite this article in press as: de Aimeida Magalhaes et al., Extracellular carriers control lipid-dependent secretion, delivery, and activity of WNT
morphogens, Developmental Cell (2023), https://doi.org/10.1016/j.devcel.2023.11.027

Developmental Cell

Glycosaminoglycan chains are not necessary for GPC
activity

Glycosaminoglycan (GAG) chains are prominent GPC modifica-
tions, but their role in Wnt signaling is unclear.?>*>°® We used
our previously described strategy® to purify GPC4-ecto pro-
duced by cells lacking (1) exostosin-1 (EXT1), a glycosyltrans-
ferase required for heparan sulfate (HS) chain elongation; (2)
chondroitin sulfate N-acetylgalactosaminyltransferases 1 and
2 (CSGALNACT1 and CSGALNACT2), required for chondroitin
sulfate (CS) chain elongation; or (3) beta-1,3-glucuronyltransfer-
ase 3 (B3GATS3), required for attachment of both HS and CS
chains to the GPC protein core (Figure 5A). Unmodified
GPC4-ecto behaved indistinguishably from GAG-modified spe-
cies in accepting WNTs from SFRP2 (Figures 5B and S5K) and
transferring them to FZDs (Figures 5C and S5L). Additionally, all
GPC4 species catalyzed WNT transfer from SFRP2 to FZDs, ir-
respective of GAG modification (Figures 5D-5G and S5M-S5P).
Finally, complexes of WNT3A with different GPC4-ecto species
showed similar signaling activity (Figure 5H). These results indi-
cate that GAG chains are dispensable for the function of GPCs
in vertebrate Wnt signaling.

Carriers transfer WNTs to NOTUM, promoting WNT
inactivation

NOTUM hydrolyzes the palmitoleate moiety of WNTs.?® Past
biochemical studies relied on detergents for providing WNT sub-
strates to NOTUM.?® A key unanswered question is how WNTs
are delivered to NOTUM physiologically. We first tested if
NOTUM might accept WNTs directly from WLS, similar to car-
riers. Wild-type NOTUM or a catalytically inactive point mutant

¢ CellP’ress

(NOTUMS232426 (Eigures S6A and S6B) were unable to release
WNT from cells (Figure S6C), indicating that NOTUM cannot
receive WNTs from WLS. We next asked whether carriers can
deliver WNTs to NOTUM. As shown in Figures 6A, 6B, S6D,
and S6E, NL-WNT3A and NL-WNT5A were robustly transferred
from SFRP2, AFM, and WIF1 to NOTUM. The catalytically inac-
tive mutant NOTUMS2%2A was equally efficient in accepting
WNTs from carriers (Figures 6A, 6B, S6D, and S6E), indicating
that transfer did not require hydrolysis of the lipid moiety. Inter-
estingly, both wild-type NOTUM and NOTUMS2%2A were immu-
noprecipitated with the WNT3A-SFRP2 complex (Figure 6C)
but not with SFRP2 (Figure 6D), suggesting a transfer intermedi-
ate in which WNT bridges SFRP2 and NOTUM.

Finally, we asked whether NOTUM inactivates WNTs delivered
by carriers. As shown in Figures 6E-6G and S6F, incubation with
NOTUM inhibited the activity of WNT3A-carrier complexes in a
dose-dependent manner. As expected, WNT3A-carrier com-
plexes retained activity when incubated with NOTUMS232A
(Figures 6E-6G). However, NOTUMS2324 pecame inhibitory at
high excess (Figures S6G and S6H), consistent with binding
lipidated WNTs. Together, these results demonstrate that car-
riers deliver WNT substrates to NOTUM, resulting in WNT
inactivation.

The WNT3A-SFRP5 complex is refractory to NOTUM
inhibition

In contrast to all other WNT carriers, SFRP5 did not efficiently
deliver WNTs to NOTUM (Figures 6H and 6l). Consistent with
this result, NOTUM and NOTUMS23?A showed much reduced
binding to WNT3A-SFRP5 compared with WNT3A-SFRP2

technical replicates, normalized to untreated cells, and error bars represent SD. See Figures S4H-S4K for the expression of eGFP-tagged constructs and

KO

additional Wnt activity assays in GPC(1-6)"" cells.

(B) As in (A), but with WT cells.

(C) NL-WNT5A-SFRP2 was covalently captured on beads via SFRP2, followed by incubation with 5 uM GPC4-ecto, GPC6-ecto, SFRP2, or BSA (negative
control). NL-WNT5A release into the supernatant was measured by luminescence. NL-WNT5A is transferred robustly from SFRP2 to GPCs, but less efficiently to
other SFRP2 molecules. Points represent average of two biological and three technical replicates, normalized by total NL-WNT on beads, and error bars
represent SD. See also Figures S4L-S40 for protein purification and additional characterization of NL-WNT transfer between carriers and GPCs.

(D) NL-WNT3A-SFRP2 beads were incubated with HPC-tagged GPC4-ecto, and the supernatant was subjected to anti-HPC immunoprecipitation, followed by
elution with HPC peptide. NL luminescence was measured in the supernatant before (input) and after (depleted) immunoprecipitation, and in the peptide eluate.
NL-WNT3A forms a stable complex with GPC4-ecto after release from SFRP2. Points represent average for two biological and technical replicates, and error bars
represent SD.

(E) As in (D), but samples were analyzed by SDS-PAGE and immunoblotting.

(F) GPC(1-6)<® expressing eGFP-tagged GPC4, GPC8, or SMO (negative control) were treated with purified NL-WNT3A-SFRP2 for 1 h, and bound ligand was
quantified by anti-NL immunofluorescence. Incubation with purified NL served as background control. NL-WNT3A is transferred to GPC4 and GPC6 on cells.
Data are normalized between NL background signal and maximum NL-WNT binding (100%). Points represent average of one biological and four technical
replicates, and error bars represent SEM. At least 300 cells were measured per replicate.

(G) As in (C), but with NL-WNT5A-GPC4-ecto on beads. NL-WNT5A is efficiently transferred to other GPC molecules, but less efficiently to SFRP2.

(H) As in (C), but NL-WNT3A-GPC4-ecto beads were incubated with purified FZD8-CRD (5 uM). NL-WNT3A is robustly transferred from GPC4 to FZD8. See
Figure S4Q for NL-WNT3A transfer from GPC6 to FZD8-CRD.

(I) As in (H), but NL-WNT5A-GPC4-ecto beads were incubated with purified FZD3-CRD or FZD6-CRD (5 uM). See Figure S4R for NL-WNT5A-GPC6 beads.
(J) Wnt pathway activation by purified WNT3A-GPC4-ecto (0.01, 0.03, 0.1, 0.3, 1, and 3 uM with respect to WNT3A), assayed on reporter cells. Points represent
average activation for two biological and technical replicates, normalized to untreated cells, and error bars represent SD. See Figure S4S for purification of
WNT3A-GPC4-ecto complex.

(K) As in (C), but NL-WNT3A-SFRP2 beads were incubated with FZD8-CRD (5 uM), with or without GPC4-ecto (0.5 uM). Small amounts of GPC4-ecto potentiate
WNTB3A transfer from SFRP2 to FZD8-CRD. See Figure S5A for a similar experiment using NL-WNT3A-WIF1.

(L) As in (K), but with NL-WNT5A-SFRP2 beads incubated with FZD3-CRD (5 uM). See also Figure S5B for a similar experiment using NL-WNT5A-WIF1.

(M) As in (L), but with NL-WNT5A-SFRP2 beads incubated with FZD6-CRD (5 uM). See Figure S5C for NL-WNT5A-WIF1 transfer on beads.

(N) As in (K), but NL-WNT3A-SFRP2 beads were incubated with or without GPC2-ecto (0.5 uM). Small amounts of GPC2-ecto do not potentiate WNT3A transfer
from SFRP2 to FZD8-CRD. See Figures S5D-S5J for protein purification and similar experiments using GPC3-ecto or GPC5-ecto.

(O) As in (N), but NL-WNT5A-SFRP2 beads were incubated with FZD3-CRD (5 uM).

(P) As in (O), but NL-WNT5A-SFRP2 beads were incubated with FZD6-CRD (5 uM).

See Figures S4H-S4S and S5A-S5J for additional characterization of WNT transfer from SFRPs, WIF1, and GPCs to receptors and co-receptors.
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Figure 5. The core protein recapitulates the function of GPCs in Wnt signaling
(A) GPC4-ecto was expressed in WT, EXT1XC, CSGALNACT1/2%°, or BBGAT3K® cells. The proteins were affinity-purified and then analyzed by SDS-PAGE and
Coomassie staining. Arrowhead indicates the unmodified GPC4-ecto core protein and bracket indicates GAG-modified species.
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(Figures 6J and 6K). Importantly, purified NOTUM had drastically
reduced inhibitory activity against WNT3A-SFRP5 (Figure 6L). If
WNT3A-SFRP5 is resistant to NOTUM because WNT3A transfer
is impaired, rescuing transfer should restore WNT3A sensitivity
to NOTUM. Since WNTs are readily transferred from SFRP5 to
WIF1 (Figures S6l and S6J), we reasoned that WIF1 should
bypass the block to WNT transfer from SFRP5 to NOTUM.
Indeed, a low amount of WIF1 (0.2 uM) dramatically rescued
transfer of both WNT3A and WNT5A from SFRP5 to NOTUM
(Figures 6M and S6K). Moreover, WIF1 restored inhibition of
WNT3A-SFRP5 by NOTUM (Figure 6N). These data demonstrate
that uniquely among WNT carriers, SFRP5 does not donate to
NOTUM, allowing WNTSs to escape repression by it.

Stable WNT3A complexes promote growth and
maintenance of intestinal organoids

Intestinal organoid culture requires canonical Wnt stimulation,
usually by WNT3A-conditioned media®® or purified WNT3A solu-
bilized in CHAPS detergent.'® Both these preparations are not
ideal: conditioned media is undesirable for serum-sensitive as-
says, whereas detergent limits long-term stability and sup-
presses stem cell self-renewal.***>> We thus investigated
whether purified WNT3A complexes support human intestinal
organoid expansion. Gratifyingly, WNT3A-SFRP1 and WNT3A-
GPC4-ecto maintained growth (Figure 7A) and high organoid
number (Figure 7B) over 3 passages, similar to WNT3A-condi-
tioned media. In contrast, commercial WNT3A and other
WNT3A-carrier complexes did not support prolonged organoid
expansion. Paralleling the effects on organoid expansion, activ-
ity of WNT3A-SFRP1 and WNT3A-GPC4-ecto on reporter cells
was higher than that of the other WNT3A sources (Figures
S7A-S7C). Dramatically, WNT3A-carrier complexes retained ac-
tivity after a 48-h incubation at room temperature or even at
37°C, in contrast to commercial WNT3A, which lost activity pre-
cipitously (Figures 7C and S7D).

To optimize using WNT3A-carrier complexes for intestinal or-
ganoid culture, we tested the effect of reducing the number of
media changes. WNT3A-SFRP1 and WNT3A-GPC4-ecto sup-
ported growth (Figure S7E), higher organoid number (Fig-
ure S7F), and higher cell viability (Figure S7G) over multiple pas-
sages, with only twice weekly media changes, outperforming
WNT3A-conditioned media. To determine if WNT3A-SFRP1
and WNT3A-GPC4-ecto maintain stem cells and Wnt pathway
activation in organoids, we analyzed LGR5°° and B-catenin

¢ CellP’ress

levels,®” respectively. Compared with other WNT3A prepara-

tions, WNT3A-SFRP1 and WNT3A-GPC4-ecto showed stronger
induction of LGR5 and B-catenin (Figures 7D and S7H). Finally,
since organoid culture requires large amounts of WNT3A, we
optimized the production of WNT3A-GPC4-ecto complexes
in Expi293 suspension cells,”® by co-expressing WNT3A,
GPC4-ecto, and PORCN using modular cloning technology.*®
This approach afforded purified WNT3A-GPC4-ecto in high yield
(0.14 mg/mL of medium) (Figure S7I). The complex thus pro-
duced was potent in signaling (Figure S7J) and supported robust
intestinal organoid propagation and stem cell maintenance
(Figures S7K and S7L). Thus, purified WNT3A-carrier complexes
are stable and support long-term stem cell maintenance and in-
testinal organoid growth.

DISCUSSION

WNT morphogens are modified with palmitoleate, which is critical
for signaling'®°° but causes aqueous insolubility. How WNTSs are
released from cells, to signal non-cell autonomously, has long
been an open question. Furthermore, WNT insolubility has been
a major obstacle in obtaining active WNTs. Our results define
the molecular mechanisms by which WNTs are solubilized, regu-
lated extracellularly, and delivered to target cells. We propose the
following pathway for the movement of WNTs during vertebrate
embryonic signaling. In producing cells, PORCN attaches palmi-
toleate to WNTs,?""2 which are then escorted by WLS to the
plasma membrane.?*?*%3 Next, WNTs are handed off from WLS
to secreted carriers belonging to SFRP and WIF1 families
(Figure 7E), which use their lipid-binding domains to shield the pal-
mitoleate moiety from the aqueous environment. Soluble WNT
carrier complexes spread from producing cells through extracel-
lular space, reaching the surface of distant cells, where they acti-
vate Wnt signaling (Figure 7F). Although WNTs can be directly un-
loaded from carriers to FZDs, the process is greatly facilitated by
GPCs, which accept WNTs from carriers and, in turn, transfer
them to FZDs. In support of this model, we find that the vertebrate
GPC family is critical for Wnt pathway activation. Finally, carriers
can also promote inactivation of WNTSs, by transferring them to
NOTUM?® (Figure 7G). Thus, a dedicated network of extracellular
lipid-binding proteins shuttle WNTs between spatially segregated
effectors and regulators.

The high signaling potency of WNT carrier complexes stands
in contrast to the role primarily attributed to SFRPs®*-*25% and

(B) NL-WNT3A-SFRP2 complexes on beads were incubated with 5 tM GPC4-ecto purified from WT, EXT1%C, CSGALNACT1/2%°, or B3GAT3"® cells, or BSA
(negative control). NL-WNT3A release was measured at different time points by NL luminescence. NL-WNT3A is transferred from SFRP2 to all GPC4-ecto
variants. Points represent average for two biological and three technical replicates, normalized by total NL-WNT on beads, and error bars represent SD. See also
Figure S5K for NL-WNT5A transfer.

(C) As in (B), but beads carrying NL-WNT3A-GPC4-ecto variants were incubated with FZD8-CRD (5 uM). All GPC4-ecto variants donate NL-WNT3A to
FZD8-CRD. See Figure S5L for a similar experiment using NL-WNT5A-GPC4-ecto variants.

(D) As in (B), but NL-WNT3A-SFRP2 beads were incubated with FZD8-CRD (5 uM), with or without GPC4-ecto from WT cells (0.3 uM). Small amounts of
GPC4-ecto from WT cells potentiate WNT3A transfer from SFRP2 to FZD8-CRD. See Figure S5M for a similar experiment using NL-WNT5A-SFRP2.

(E) As in (D), but with purified GPC4-ecto from EXT1%° cells (0.3 uM). See Figure S5N for NL-WNT5A-SFRP2 on beads.

(F) As in (D), but with purified GPC4-ecto from CSGALNACT1/2X° cells (0.3 uM). See Figure S50 for NL-WNT5A-SFRP2 transfer on beads.

(G) As in (D), but with purified GPC4-ecto from B3GAT3X cells (0.3 uM). See Figure S5P for NL-WNT5A transfer.

(H) GPC4-ecto variants (1 uM) or BSA (negative control) were added to L-WNT3A cells, and Wnt signaling activity was measured in serial dilutions of the
conditioned media. All GPC4-ecto variants release active WNT3A. Points represent average activation for two biological and three technical replicates,
normalized to untreated reporter cells, and error bars represent SD.

See Figures S5K-S5P for additional characterization of the role of GPC GAG modification in Wnt signaling.
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Figure 6. Carriers deliver WNT substrates to NOTUM
(A) NL-WNT3A complexes with SFRP2, AFM, or WIF1 on beads were incubated with 5 uM wild-type (WT) NOTUM or BSA (negative control), and NL-WNT release
was measured by NL luminescence. NL-WNT3A is transferred from carriers to NOTUM. Points represent average for two biological and three technical replicates,
normalized by total NL-WNT on beads, and error bars represent SD. See Figures S6A-S6E for additional purification and characterization of NOTUM.

(B) As in (A), but showing NL-WNT3A transfer to enzymatically inactive NOTUMS232A,
(C) Purified WNT3A-SFRP2 (6 uM) was incubated with FLAG-tagged NOTUM WT or NOTUMS232A (3 1M), followed by immunoprecipitation with antibodies
against the HPC tag on SFRP2. Samples were analyzed by SDS-PAGE and immunoblotting. NOTUM proteins interact with WNT3A-SFRP2.
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WIF12%2" as WNT antagonists. We find that all WNT carriers
indeed inhibit signaling at large molar excess over the ligand,
as earlier reported for SFRP1.%° Interestingly, overexpressed
SFRP promotes WNT spreading in early Xenopus embryos,®®
consistent with our finding that SFRPs promote WNT secretion.
Finally, some loss-of-function phenotypes indicate a positive
role of SFRPs in Wnt signaling in vivo.?”°® These results suggest
that SFRPs and WIF1 can function to either promote or inhibit
WNT activity, depending on concentration. Future studies will
be needed to elucidate how various carriers control Wnt pathway
output in different contexts.

WNT carriers promote the secretion of both canonical and
non-canonical WNTs. Additionally, WNT transfer from carriers
to FZDs is dictated not by carrier but by the preferred formation
of canonical or non-canonical ligand-receptor pairs. In respond-
ing cells, interactions between WNTs and components of the re-
ceptor complex (LRP5/6 for canonical and ROR1/2 for non-ca-
nonical WNTs) further contribute to WNT specificity. Thus, like
PORCN and WLS, WNT carriers are perhaps general for all
WNTs, irrespective of functional classification. A notable excep-
tion is SFRP5, which forms WNT complexes resistant to inhibi-
tion by NOTUM, due to impaired WNT handoff (Figure 7G). It is
currently unknown how this feature of SFRP5 is implicated in
NOTUM-dependent WNT regulation in vivo. What might account
for the unique behavior of SFRP5? Investigations of the mecha-
nism of cholesterol handoff between the soluble lysosomal pro-
tein NPC2 and the N-terminal luminal domain of the cholesterol
transporter NPC1 identified surface residues in NPC2 required
for cholesterol handoff to NPC1.5° Perhaps similarly, specific
residues in SFRPs are involved in WNT transfer to NOTUM,
and these residues are not conserved in SFRP5. Future experi-
ments will be needed to define the molecular basis of WNT hand-
off from carriers to NOTUM and other acceptors.

WNT secretion shows intriguing similarities to that of Hedge-
hog (Hh) ligands.*> Both Wnt and Hh ligands are lipid-modified
and are released in complex with a carrier, one of the proteins
described here, or a SCUBE family protein, respectively. In
both cases, ligand-carrier complex formation is catalyzed by a
dedicated membrane protein, WLS and Dispatched-1 (DISP1),
respectively. Perhaps, the carriers are sterically hindered from
“picking up” the lipid-modified ligands directly from the mem-
brane, thus requiring presentation by WLS or DISP1. This is a
simple but effective mechanism for ensuring that Wnt and Hh
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morphogens do not diffuse from producing cells in an uncon-
trolled fashion.

At the level of target cells, we find that a subset of vertebrate
GPCs is essential for the response to WNTSs; interestingly, the
GPC core protein suffices for this role, whereas the GAG chains
are dispensable. This represents another parallel between Wnt
and Hh signaling. The mechanism employed by GPCs in WNT
reception is reminiscent of that of GAS1 in the Hh pathway.”®
Both GPCs and GAS1 function as pre-receptors, shuttling a lipi-
dated ligand from an extracellular carrier to a primary receptor
but are not themselves components of the final signaling com-
plex. Such a catalytic mechanism for ligand-receptor complex
assembly ensures that low amounts of GPCs or GAS1 can
have large effects on cellular responsiveness to ligands. It re-
mains to be elucidated how GPC levels modulate Wnt pathway
output in vivo.

When not membrane-embedded, the WNT palmitoleate moi-
ety appears always shielded from the aqueous environment by
interaction with a binding partner, likely to avoid aggregation.
Interestingly, the lipid-dependent interactions of WNTs investi-
gated here are highly dynamic, allowing WNT handoff between
binders, including between identical molecules, on the order of
minutes or less; this situation is also reminiscent of Hh ligands.*?
Aside from allowing rapid deployment of an otherwise insoluble
molecule, we speculate that the dynamic exchange between
carriers suggests a possible mechanism for directional WNT
propagation along a gradient of carriers immobilized to the extra-
cellular matrix, as proposed for Hh morphogens.*?

WNT lipidation is conserved between vertebrates and
Drosophila, as are requirements for WLS in WNT secretion and
for GPCs in WNT reception. In contrast to vertebrates, however,
Drosophila does not have SFRP and AFM homologs, whereas
the Drosophila WIF1 homolog, Shf, is specifically involved in
long-range Hh signaling.”"”" How are then Drosophila WNTs
delivered to target cells? It is possible that yet to be discovered
extracellular proteins function as WNT carriers in Drosophila.
Alternatively, Wnt ligands might be transferred only between
neighboring cells, by handoff between DIp molecules anchored
to closely apposed plasma membranes.?®

Two major routes have been proposed for the long-range
movement of WNTs in tissues. One route involves WNT mobiliza-
tion from producing cells by carriers, such as exosomes,*®*” |i-
poproteins,®® or dedicated proteins (this study), followed by

(D) As in (B) but with SFRP2 (6 nM). NOTUM proteins do not interact with SFRP2.
(E) WNT3A-WIF1 (1 uM) was incubated with varying concentrations of purified NOTUM WT or NOTUMS232A or with BSA (1 uM, negative control), after which
signaling activity was measured on reporter cells. WT NOTUM inhibits activity of WNT3A-carrier in dose-dependent manner. Points represent average activation
for two biological and three technical replicates, normalized to untreated cells, and error bars represent SD. See also Figures S6F-S6H for additional charac-
terization of the effect of NOTUM on WNT3A-carriers.
) As in (E), but with purified WNT3A-SFRP1 complex.
G) As in (E), but with purified WNT3A-SFRP2 complex.
) As in (A), but with beads carrying NL-WNT3A-SFRP5. SFRP5 cannot efficiently transfer NL-WNT3A to NOTUM proteins.
1) As in (H), but with NL-WNT5A-SFRP5 on beads.
(J) As in (C), but with WNT3A-SFRP5. Binding of NOTUM proteins to WNT3A-SFRP5 is much reduced compared with WNT3A-SFRP2.
(K) As in (D), but with SFRP5.
(L) As in (E), but with purified WNT3A-SFRP5 (1 uM). WNT3A-SFRP5 activity is much less sensitive to inhibition by NOTUM.
(M) As in (H), but with addition of WIF1 (0.2 pM). Small amounts of WIF1 rescue transfer of WNT3A from SFRP5 to NOTUM. See Figures S61-S6K for the additional
characterization of NL-WNT-SFRP5 beads.
(N) As in (L) but with addition of WIF1 (0.1 uM). Small amount of WIF1 restore the ability of NOTUM to inhibit WNT3A-SFRP5 activity.
See Figure S6 for additional the characterization of WNT delivery to NOTUM by carriers.
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Figure 7. WNT3A-carrier complexes support human intestinal organoid growth and maintenance
(A) Representative images of human intestinal organoids grown for three passages in ENR (EGF, Noggin, and R-spondin) media supplemented with various
WNTB3A preparations. WNT3A-carrier complexes were added at 1 uM and commercial WNT3A at 300 ng/mL.40 Scale bars, 500 um.

(legend continued on next page)
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diffusion to target cells, through extracellular space. Another
route is represented by cytonemes,*® on which WNTs spread
without leaving the surface of the producing cell. However,
WNTs transported along cytonemes would then need to be
transferred to target cells. We envision that the two routes out-
lined above can complement each other: cytonemes provide
physical support for transporting WNTs at a distance, after which
extracellular carrier proteins catalyze WNT movement from the
cytoneme membrane to the target cell.

Finally, our results have practical implications for obtaining
defined, active, and stable WNT preparations, devoid of serum
or detergents. Some of the complexes described here support
prolonged growth of human intestinal organoids, outperforming
commercial WNT3A and WNT3A-conditioned media. Itis unclear
why WNT3A-AFM is ineffective in maintaining organoid growth in
our hands, in contrast to a previous report*'; we speculate that
differences in tissue biopsy, age of donors, or cultivation protocol
might account for the discrepancy. It is currently unknown
whether carriers can potentiate endogenous Wnt signaling
in differentiated intestinal organoids, especially whether carriers
are involved in WNT3A movement from Paneth cells to neigh-
boring WNT-responsive Lgr5+ intestinal stem cells. We envision
that the remarkable stability of WNT carrier complexes will
enable in vitro studies and potential applications in regenerative
medicine.

Limitations of the study

(1) We show that two families of extracellular proteins release
WNTs in soluble and active form and deliver them to GPC co-re-
ceptors. The specificity of this system is unknown: we do not un-
derstand whether individual carriers and GPCs prefer different
WNTs. (2) The study does not address the nature of endogenous
WNT morphogens during embryogenesis, especially the ques-
tion of the molar ratio between WNT and carriers, which dictates
signaling output. (3) Although we have a structural understanding
of WNT recognition by WLS, carriers, NOTUM, and GPCs, the
precise mechanisms of WNT transfer between these proteins
are unknown. (4) It is unknown if and how WNT handoffs are
regulated in vivo to control Wnt pathway output; future work
will investigate how the molecular mechanisms described here
are deployed in different developmental settings.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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(B) Organoid numbers for experiment in (A). Points represent average number of organoids in two wells, and error bars represent SD.

(C) WNT3A preparations (1 M) and commercial WNT3A (300 ng/mL) were incubated at room temperature for the indicated time, after which signaling activity was
measured on reporter cells. Activity of WNT3A-carrier complexes does not appreciably decrease after 48 h, in contrast to commercial WNT3A. Points represent
average Wnt pathway activation for two biological and technical replicates, normalized to untreated cells, and error bars represent SD.

(D) LGR5 and B-catenin expression in the experiment in (A) was analyzed by immunoblotting at passage 0 (day 6). Blotting for a.-tubulin served as loading control.
(E) Model for WNT secretion. Following lipidation by PORCN in the ER (i), WNTs are escorted to the cell surface by WLS (ii). WNTs are then directly transferred to
carriers (SFRPs, WIF1, and AFM) (jii).

(F) Model for WNT delivery to FZDs. Carriers donate WNTs to GPCs, which then hand WNTs off to FZDs. WNTs can also be transferred directly from carriers to
FZDs, but less efficiently than via GPC-catalyzed transfer. Specificity of WNT-FZD interaction contributes to whether a given WNT activates canonical or non-
canonical signaling.

(G) Model for WNT inhibition by NOTUM. Carriers discharge WNTs to NOTUM, which inactivates them. SFRP5 cannot transfer WNTs to NOTUM, rendering them
refractory to this inhibitory mechanism.

See Figure S7 for additional data on long-term stability of WNT3A-carrier complexes and use for organoid culture.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG-M1 ATCC Cat# HB-9259; RRID: CVCL_J730

Mouse monoclonal anti-HPC A.C. Kruse N/A

Affinity-purified rabbit polyclonal anti-NanoLuc This study N/A

Rabbit monoclonal anti-WNT3A (clone C64F2)
Rabbit monoclonal anti-B-catenin (clone D10A8)
Rat monoclonal anti-WNT5A (clone 442625)

Rabbit monoclonal anti-LGR5 (clone EPR3065Y)
Mouse monoclonal anti-B-actin (clone ACTBD11B7)
Mouse monoclonal anti-a-tubulin (clone TU-02)

Cell Signaling Technology
Cell Signaling Technology
R&D Systems

Abcam

Santa Cruz Biotechnology
Santa Cruz Biotechnology

Cat# 2721S; RRID: AB_2215411
Cat# 8480; RRID: AB_11127855
Cat# MAB645; RRID: AB_10571221
Cat# ab75850; RRID: AB_1523716
Cat# sc-81178; RRID: AB_2223230
Cat# sc-8035; RRID: AB_ 628408

Bacterial and Virus Strains

E. coli BL21 (DE3) pLysS

Sigma

Cat# 69451

Chemicals, Peptides, and Recombinant Proteins

Bovine Serum Albumin (BSA)

IWP-2 (PORCN inhibitor) (>98%)

Polyethylenimine (PEI), linear, MW=25000
Cycloheximide (>94%)

FLAG elution peptide: NH,-DYKDDDDK-OH

HPC elution peptide: NH,-EDQVDPRLIDGK-OH
HaloLink™ amine

Recombinant mouse WNT3A protein

cOmplete™ mini, EDTA-free protease inhibitor tablets

See Table S3 for a list of proteins utilized in this study.

New England Biolabs
Sigma

Polysciences

Sigma

Genscript

Genscript

Promega

R&D Systems

Roche

This paper

Cat# B9000S

Cat# 10536

Cat# 23966

Cat# 01810

N/A

N/A

Cat# P6741

Cat# 1324-WN-010/CF
Cat# 11836170001

N/A

Critical Commercial Assays

BCA Assay

G Biosciences

Cat# 786-570

Superose® 6 column GE Healthcase N/A
Superose™ 6 Increase 10/300 GL Cytiva Cat#29091596
HaloLink™ resin Promega Cat# G1914
Amicon Ultra-0.5 centrifugal filter unit — 10kDa cutoff Millipore Cat# UFC5010
Amicon Ultra-4 centrifugal filter unit — 10kDa cutoff Millipore Cat# UFC8010
Nano-Glo luciferase assay Promega Cat# N1120
Dual-Glo luciferase assay Promega Cat# E2940
CellTiter-Glo 3D Cell Viability Assay Promega Cat# G9683
Experimental Models: Cell Lines

Human: HEK293T cells ATCC Cat# CRL-3216
Mouse: L-WNT3A cells ATCC Cat# CRL-2647
Mouse: MEF cells ATCC Cat# CRL-2907
Human: WLSK® HEK293T cells This study N/A
Human:FZD(1-10)%° HEK293T cells Benoit Vanhollebeke*® N/A
Human:GPC(1-6)° HEK293T cells This study N/A

Insect: Sf9 cells Expression Systems Cat#94-001F
Human: HEK293S GnTI" cells Thermo Fisher Scientific Cat#A39249
Human: Expi293 cells Thermo Fisher Scientific Cat#A14527

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

See Table S1 for a list CRISPR gRNA oligonucleotides This study N/A

and sequencing primers utilized in this study.

Recombinant DNA

See Table S2 for a list of all plasmids utilized in this study. This study N/A

Software and Algorithms

FIJI National Institutes of Health http://fiji.sc;
RRID: SCR_002285

Photoshop CS5 Adobe https://www.adobe.com/products/
photoshop.html; RRID: SCR_014199

lllustrator Adobe https://www.adobe.com/products/
illustrator.html; RRID: SCR_010279

Prism 8 GraphPad http://www.graphpad.com/;
RRID: SCR_002798

EVOS FL Auto 2 Imaging System Invitrogen N/A

SoftMax Pro 5.4.1 Molecular Devices N/A

MATLAB

MetaMorph Microscopy Automation and
Image Analysis Software

MathWorks

Molecular Devices

http://www.mathworks.com/products/
matlab/; RRID: SCR_001622
http://www.moleculardevices.com/
Products/Software/Meta-Imaging-
Series/MetaMorph.html; RRID: SCR_002368

Other

Wallac VICTOR3™ microplate reader

10x PlanApo 0.45NA objective

ECLIPSE Ti2-E microscope

EVOS FL 2 Auto microscope

2x Olympus 6.22 AMEP4751 objective lens
SpectraMax® M3 Multi-Mode microplate reader
Neon Transfection System

Neon™ Transfection System 10 pL Kit

MiSeq System

MiSeq Reagent Nano Kit v2 (300-cycles)

Perkin-Elmer

Nikon

Nikon

Invitrogen

Invitrogen

Molecular Devices
Thermo Fisher Scientific
Thermo Fisher Scientific
lllumina

lllumina

N/A

N/A

N/A

N/A

N/A

N/A

N/A
MPK1096
N/A
MS-103-1001

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for reagents should be directed to, and will be fulfilled by, the lead contact, Adrian Salic (asalic@

hms.harvard.edu).

Materials availability

Plasmids and cell lines generated in this study are available upon request from the lead contact.

Data and code availability
This study did not generate datasets.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Human Embryonic Kidney (HEK293) cells, WNT3A-producing L cells (L-WNT3A) cells and mouse embryonic fibroblasts (MEFs) cells
were from ATCC; HEK293S GnTI" and Expi293 cells were from Thermo Fisher Scientific. FZDs(1-10)X° HEK293 cells*® were a gift
from Benoit Vanhollebeke (Université Libre, Bruxelles). EXT1%C, CSGALNACT1/2%° and B3GAT3 K© cells were previously
described.** All cell lines except Expi293 were maintained under standard growth conditions (37°C, 5% CO,) and were grown in
DMEM (Corning) supplemented with 10% (v/v) fetal bovine serum (VWR) and penicillin/streptomycin (Corning). Expi293 cells were
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grown in suspension in Expi293 media (Thermo Fisher Scientific) at 37°C, 8% CO, and 125 rpm, in plastic flasks with ventilated caps
(Corning). HEK293 cells are female. L-WNT3A cells are male. The sex of the MEFs used in this study has not been determined.

Generation of stable cell lines

Stable cell lines were generated by lentiviral transduction. Genes of interest were subcloned into third-generation lentiviral vectors,”?
modified to encode resistance to different markers (blasticidin, puromycin or hygromycin). Lentiviruses were produced by transient
transfection in HEK293 cells. Cells of interest were transduced by incubation with lentivirus for 48h, in the presence of polybrene
(1ng/mL, Sigma). Stable cell populations were subsequently isolated by antibiotic selection for 72h. Expression of the desired
construct was confirmed by immunofluorescence and/or immunoblotting.

Generation of CRISPR/Cas9 knockout (KO) lines

To knock out WLS, synthetic oligonucleotides (IDT) encoding gRNA sequences (Table S1) were annealed and cloned into pX459
(Addgene).”> HEK293 cells were transiently transfected with the gRNA-expressing plasmids, after which puromycin selection was
applied for 24h, to enrich for transfected cells. To knock out the GPC family, gBlocks (IDT) were cloned into pX458 (Addgene) and
pU6-(Bbsl)CBh-Cas9-T2A-mCherry (Addgene), to generate plasmids expressing gRNAs that target GPC1/5/4 and GPC2/3/6, respec-
tively. HEK293 cells were first electroporated with the GPC1/5/4 gRNA-expressing plasmid, and GFP-positive cells were sorted and
expanded. The resulting cell population was then electroporated with the GPC2/3/6 gRNA-expressing plasmid, and single mCherry-
positive cells were sorted and expanded in 96-well plates. Clones containing the desired knockouts were identified by lllumina MiSeq
and were further confirmed in functional assays. Genomic loci targeted by the gRNAs were PCR amplified using flanking primers
(Table S1) designed with CHOPCHOP,”*"* followed by MiSeq sequencing. Indels in the knockout cell lines are shown in Table S1.

METHOD DETAILS

Antibodies

The following antibodies were obtained commercially: rabbit anti-WNT3A and anti--catenin monoclonals (Cell Signaling Technol-
ogy); rat anti-WNT5A monoclonal (R&D Systems); rabbit anti-LGR5 monoclonal (Abcam); mouse anti--actin and anti-a-tubulin
monoclonals (Santa Cruz Biotechnology). Mouse anti-FLAG-M1 and anti-HPC monoclonals were a generous gift from Andrew
C Kruse (Harvard Medical School). Polyclonal antibodies against NanoLuc (NL) luciferase were raised in rabbits (Cocalico) and
were affinity-purified against NL attached to Affigel-15 beads (BioRad). For immunoblotting, primary antibodies were used at
1-2pug/mL in TBST [10mM Tris-HCI, pH 7.6; 150mM NaCl; 0.2% Triton X-100 (v/v)] with 5% non-fat dry milk (m/v). For blotting
with mouse anti-FLAG-M1 and anti-HPC monoclonals, all buffers were supplemented with 2mM CaCl,. HRP-conjugated secondary
antibodies were used at 0.2ug/mL. Secondary antibodies used in this study were: sheep anti-mouse IgG-HRP (Jackson
ImmunoResearch), goat anti-rat IgG-HRP (Advansta) and donkey anti-rabbit IgG-HRP (GE Healthcare). For immunofluorescence,
Alexa Fluor 594-conjugated anti-rabbit secondary antibodies were used at 1ug/mL in TBST with 5% (m/v) BSA.

DNA constructs
Plasmids used in this study are shown in Table S2. Additional information is provided below.

Expression constructs were subcloned into a lentiviral expression vector, under the control of a human CMV promoter. Overlap-
ping PCR was used to introduce mutations and to assemble gene fusions. DNA constructs were confirmed by Sanger sequencing.
Constructs encoding (NL)-tagged WNTs consist of the influenza hemagglutinin signal sequence, a FLAG epitope immediately after
the signal peptide cleavage site, NL sequence, and the WNT sequence following the signal peptide.”® Hierarchical Golden Gate As-
sembly was used to generate a plasmid for co-expressing PORCN, WNT3A and HPC-tagged GPC4-ecto, as previously described.®

Protein expression and purification

The proteins utilized in this study, including tagging and purification are shown in Table S3. General purification procedures are
described below.

Expression and purification of secreted proteins from HEK293 cells

Secreted proteins were stably or transiently expressed in HEK293 cells, and were affinity-purified from conditioned media. Proteins
were tagged with one copy of the FLAG or the HPC epitope. Some fusions also included HaloTag7 (HT7),”®"" for fluorescent labeling
or capture on beads. Cells expressing secreted proteins were grown to confluency and were switched to media containing 1% FBS
(v/v), or 1% FBS (v/v) and 1ug/ml heparin in the case of SFRP1 and SFRP5. Conditioned media were harvested every 2 days, for a
total of 3-4 collections. Pooled conditioned media were supplemented with 2mM CaCl, and were centrifuged and passed through
0.22um filters, to remove debris. Clarified media were loaded onto columns packed with anti-FLAG or anti-HPC affinity resin. After
extensive washing with TBS with 2mM CaCl,, bound protein was eluted with elution buffer 20mM HEPES, pH 7.5; 200mM NaCl;
5mM EDTA; 100ug/mL FLAG or HPC peptide). Eluted protein was concentrated using centrifugal filter units (Millipore), and some
were further purified by gel filtration on Superose 6 (GE Healthcare). Fractions containing the desired species were pooled, concen-
trated to at least 1mg/mL, flash frozen in liquid nitrogen, and stored -80°C. For WNT3A-carrier and WNT3A-GPC complexes, con-
centration of WNT3A was determined by immunoblotting serial dilutions alongside a serial dilution of commercial carrier-free WNT3A
protein (R&D Systems).
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Expression and purification of WNT3A-GPC4-ecto complex from Expi293 cells

Expi293 cells were transiently transfected with a plasmid co-expressing PORCN, WNT3A and HPC-tagged GPC4-ecto, using Tran-
sIT®-293 Transfection Reagent (Mirus). After 48h, the cells were expanded in suspension culture for 7 days. The conditioned media
was then collected and subjected to anti-HPC affinity purification, as described above.

Purification of WLS-WNT5A complex

Synthetic DNA fragments encoding codon-optimized full-length hWNT5A (C-terminally tagged with one FLAG epitope) and hWLS
(C-terminally tagged with one HPC epitope) were cloned into pVLADG, and BacMam viruses were produced in Sf9 cells according
to the manufacturer’s instructions (Expression Systems). For protein expression, the two BacMam viruses were used to co-infect
1-liter cultures of HEK293S Gn Tl cells in Freestyle 293 medium (Thermo Fisher Scientific), at a density of 3x10° cells/mL. After 12 hours,
10mM sodium butyrate (Sigma-Aldrich) was added, to enhance protein expression, and the cells were further incubated at 30°C for 48 h
before harvesting. Cell pellets were resuspended in solubilization buffer [20 mM HEPES, pH 7.5; 150 mM NaCl; and 2% glyco-diosgenin
(GDN, Anatrace)] supplemented with EDTA-free protease inhibitor cocktail (Roche). After clarification by centrifugation at 100,000g, the
supernatant was applied to an anti-HPC affinity column. The column was washed with solubilization buffer, and bound protein was
eluted with HPC elution buffer [20 mM HEPES, pH 7.5; 150 mM NaCl; 0.02% GDN; 0.1mg/mL HPC peptide; 5 mM EDTA]. The eluate
was then affinity-purified on an anti-FLAG M2 column (Sigma-Aldrich). The hWLS-hWNT5A complex eluted with FLAG elution buffer
[20 mM HEPES, pH 7.5; 150 mM NaCl; 0.02% GDN; 0.1mg/mL FLAG peptide] was subjected to size-exclusion chromatography on
a Superose 6 Increase 10/300 GL column (Cytiva), in gel filtration buffer [20 mM HEPES, pH 7.5; 150 mM NaCl; 0.02% GDN].

Immunoblotting

Protein samples were separated by denaturing electrophoresis on 4-20% Mini-PROTEAN TGX precast gels (Bio-Rad). Gels were
soaked in transfer buffer [48mM Tris, pH 9.2; 39mM glycine; 1.3mM SDS; 20% (v/v) methanol], followed by semi-dry transfer
(Trans-Blot SD, Bio-Rad) to nitrocellulose membranes (Millipore). Membranes were blocked in TBST with 5% non-fat dry milk, incu-
bated with primary antibodies overnight at 4°C, and washed with TBST. Membranes were then incubated with secondary antibodies
for 1h at room temperature and then washed with TBST and TBS prior to chemiluminescent detection.

WNT release assays

For immunoblotting-based release assays, HEK293 cells stably expressing WNT3A or WNT5A were washed thrice with serum-free
DMEM, and were incubated for 24 h in serum-free DMEM supplemented with the indicated factors. WNT3A and WNT5A were im-
munoblotted in conditioned media and corresponding cell lysates. For NL-based release assays, HEK293 cells (WT, WLS*® or
WLS-rescued WLSK®) stably expressing NL-tagged WNTs were incubated overnight in DMEM without serum. For short time release
assays (under 45min), the cells were pre-treated with cycloheximide (100ng/mL, Sigma) for 30 min prior to addition of purified pro-
teins. In general, WNT release from cells was saturable at 1uM added purified carrier. In experiments testing the role of PORCN, cells
were pre-treated overnight with the PORCN inhibitor, IWP-2 (2uM, Sigma). Aliquots of conditioned media were collected in duplicate
at the indicated times, centrifuged to remove cellular debris, and NL luciferase activity was measured using Nano-Glo Luciferase
Assay Substrate (Promega), according to the manufacturer’s instructions. NL-tagged WNT released into the media was normalized
using the total NL signal in the corresponding cells, harvested at the end of the time course.

Canonical Wnt pathway reporter assay

Activity of various WNT3A complexes was assayed using a stable MEF line harboring a B-catenin-activated reporter (0BAR) system, con-
sisting of firefly luciferase under the control of a T-cell factor (TCF) response element and Renilla luciferase expressed constitutively.*>*¢
For assaying the Wnt response in various HEK293 cell lines, the cells were transiently transfected with the two plasmids of the pBAR
system. For all reporter assays, cells were plated in 96-well plates and grown to confluence for 24h, and then treated in duplicate for
24 h with conditioned media or the indicated purified factors, diluted in serum-free DMEM. Luminescence was measured in cell lysates
with the Dual-Glo Luciferase Assay System (Promega), using a Victor3 Multilabel plate reader (Perkin-Elmer). Wnt pathway activity was
calculated as the ratio of firefly to Renilla luminescence, normalized to untreated cells (incubated with serum-free DMEM), with error bars
representing SD.

WNT transfer assays

To generate beads carrying NL-WNT-carrier or NL-WNT-GPC-ecto complexes, HEK293 cells stably expressing NL-WNTs were
transfected with plasmids encoding HT7-tagged carriers or entire GPC ectodomains. Following transfection, the cells were switched
to DMEM with 1% FBS and conditioned media were harvested every 48 h, pooled and centrifuged to remove debris. Secreted
NL-WNT-carrier and NL-WNT-GPC-ecto complexes were captured on HaloLink beads (Promega), by tumbling at room temperature
for 1 h. The beads were then washed extensively with TBS, after which they were used in transfer assays.

To generate beads carrying WLS-NL-WNT complexes, HEK293 cells stably expressing NL-WNTs were transfected with a plasmid
encoding human WLS, C-terminally tagged with HT7. The cells were harvested and lysed in TBST supplemented with protease in-
hibitor cocktail (Roche). The lysate was clarified by centrifugation for 1h at 100,000g and 4°C, after which WLS-NL-WNTs were
captured by tumbling with HaloLink beads for 3h at 4°C. The beads were washed extensively with wash buffer [10mM Tris-HCI,
pH 7.6; 500mM NaCl, 0.5% Triton X-100 (v/v)], then with TBS with 0.02% n-dodecyl-B-D-maltoside (DDM, Anatrace).
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To assay NL-WNT transfer, aliquots of the beads (5uL) were incubated with varying concentrations (1-12uM) of purified proteins
diluted in HBS (20mM HEPES, pH 7.5; 150mM NaCl), with tumbling at room temperature. For transfers from WLS-NL-WNTs on
beads, the acceptor proteins were diluted in HBS with 0.02% DDM. In general, WNT transfer rates were saturable at ~10uM purified
acceptor. For HT7-tagged acceptor proteins, the HaloTag module was blocked by preincubation with a 20-fold excess of HaloLink-
amine.*? At different times (2, 5, 15, 30 and 60 min), aliquots of the supernatant were removed and stored on ice. At the end of the time
course, NL luminescence in supernatant aliquots and on beads was measured as described above (WNT Release Assays). NL-WNT
released in the supernatant was represented as percentage of the total NL signal on beads.

To generate beads carrying WLS-WNT5A, the purified complex (in 20mM HEPES, pH 7.5; 150mM NaCl; 0.1% DDM) was captured
on anti-HPC antibody beads, via a C-terminal HPC peptide tag in WLS. Excess antibody was then blocked by incubation with HPC
peptide. The beads were washed extensively with wash buffer [10mM Tris-HCI, pH 7.6; 500mM NaCl, 0.5% Triton X-100 (v/v)], then
with TBS with 0.1% DDM. Aliquots of the beads (5uL) were incubated with purified proteins in incubation buffer (20mM HEPES, pH
7.5; 150mM NaCl; 0.1% DDM), with tumbling for 1h at room temperature. Protein in the supernatant and on beads was then analyzed
by SDS-PAGE and immunoblotting.

Immunoprecipitation

Purified WNT3A-carrier complexes or carriers alone were mixed with the indicated factors in binding buffer (TBS with 2mM CaCl, and
0.2% DDM). After incubation at room temperature for 3h, the samples were subjected to immunoprecipitation with anti-HPC beads.
The beads were washed three times with binding buffer. Bound proteins were eluted in elution buffer 20mM HEPES, pH 7.5; 200mM
NaCl; 5mM EDTA; 100ug/mL FLAG or HPC peptide) and were analyzed by SDS-PAGE followed by immunoblotting.

Cell-based ligand binding assays

Cell-based binding assays were performed as previously described.*? FZD(1-10)%° and GPC(1-6)<° cells were plated in poly-D-lysine—
coated wells and were transfected with the indicated eGFP-tagged constructs. After 48h, cells were incubated with NL-WNT3A-SFRP2
complex or purified NL (negative control) in phenol red-free DMEM, for 1h at 37°C. Cells were then washed once with phenol red—free
DMEM, fixed in 3.7% formaldehyde (m/v) in PBS, and then subjected to immunofluorescent staining using anti-NL rabbit antibodies.
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich). Images of four fields of view
were acquired for each well using an automated TE2000E microscope (Nikon) equipped with an OrcaER camera (Hamamatsu) and
10x PlanApo 0.95 N.A. objective (Nikon). Images were analyzed using MATLAB as previously described.*® Briefly, GFP images
were used for cell segmentation, and background-subtracted fluorescence intensity was calculated for each cell. Bound ligand is
plotted as distribution of fluorescence intensity divided by cell area, using box plots spanning from first to third quartile.

Human intestinal organoids

Human organoids from the duodenal region of the small intestine were cultured as described.”® Briefly, organoids were derived from
de-identified endoscopic biopsies collected from unaffected tissue in adolescent/young adult patients undergoing esophagogastro-
duodenoscopy at Boston Children’s Hospital for gastrointestinal complaints. Only macroscopically normal-appearing tissue was
used, from patients without a known gastrointestinal diagnosis. Informed consent and developmentally appropriate assent were ob-
tained at Boston Children’s Hospital from the donors’ guardian and the donor, respectively. All methods were approved and carried
out in accordance with the Institutional Review Boards of Boston Children’s Hospital (Protocol number IRBP00000529). To isolate
crypts, biopsies were digested with collagenase type |, agitated by pipetting, followed by centrifugation. The supernatant was
removed, the crypts were resuspended in Matrigel, and 50 pL of the suspension were plated into 4-6 wells of a 48-well plate and
polymerized at 37°C. Isolated crypts in Matrigel were grown in growth medium (50% v/v L-WNT3A conditioned media, 45% v/v
DMEM/F12, 1% v/v Glutamax, 1% v/v N2 supplement, 1% v/v B27 supplement, 10mM HEPES, 100ug/mL primocin, 100pg normo-
cin, 500nM A83-01, 500uM N-acetyl-cysteine, 50ng/mL recombinant murine EGF, 50nM human gastrin, 10mM nicotinamide, 10uM
SB202190). Resulting organoids were passaged every 6-8 days at a 1:2 dilution, with media changes three times a week, unless
otherwise specified. Importantly, these organoids are able to robustly differentiate into multiple intestinal cell types.”® To test the ef-
fect of WNT carrier complexes, organoids were treated with ENR media (10% v/v R-spondin-1 conditioned media, 85% v/v DMEM/
F12, 1% v/v Glutamax, 1% v/v N2 supplement, 1% v/v B27 supplement, 10mM HEPES, 100ug/mL primocin, 100pug/mL normocin,
500nM A83-01, 500uM N-acetyl-cysteine, 50ng/mL recombinant murine EGF, 100ng/mL Noggin, 50nM human gastrin, 10mM nico-
tinamide, 10puM SB202190), with or without fresh conditioned media from L-WNT3A cells, concentration-adjusted commercial
WNT3A (R&D Systems), or purified WNT-carrier complexes in 20mMHEPES, pH 7.5; 150mM NaCl. Representative light microscopy
images of organoids were taken at 2x magnification using an Invitrogen EVOS FL 2 Auto microscope. The numbers and viability of
organoids were analyzed manually or by luminescence cell viability assay using CellTiter Glo-3D (Promega) at every passage.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters for experiments involving quantitative comparisons are reported in the figure legends. Where indicated, mea-
sures of Wnt pathway activation were normalized to an untreated control, as described. All qualitative experiments (e.g. WNT release
experiments, NL-WNT transfer experiments and immunoprecipitation) were performed at least twice on separate days and, where
possible, with different preparations of the reagents involved. For imaging-based assays, the number of cells used to calculate me-
dian fluorescence intensity values is indicated in the figure legends. For organoid cell viability assay, data were analyzed by one-way
ANOVA with Tukey’s post-tests. P <0.05 was considered significant.
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