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Summary Statement 31 
Wnt proteins can mediate an atypical mode of cell-autonomous signaling, distinct from paracrine 32 
signaling, that is independent of both palmitoylation by PORCN and Wnt secretion.  33 
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Abstract 34 
The enzyme PORCN is considered essential for Wnt secretion and signaling. However, PORCN 35 
inhibition did not phenocopy the effects of WNT4 knockdown in WNT4-dependent breast cancer cells, 36 
suggesting an atypical role for PORCN in WNT4 signaling. WNT4 or WNT3A were over-expressed in 37 
cell lines (breast and ovarian cancer, and fibrosarcoma). Conditioned medium from these cell lines, and 38 
co-culture systems, were used to assess Wnt secretion and activity. The dependence of Wnt secretion on 39 
PORCN and WLS was also tested. We observed that WLS was universally required for Wnt secretion and 40 
paracrine signaling. In contrast, the dependence of WNT3A secretion and activity on PORCN varied 41 
across cell lines, and WNT4 secretion was PORCN-independent in all models. Surprisingly, WNT4 did 42 
not present paracrine activity in any tested context. Absent the expected paracrine activity of secreted 43 
WNT4, we identified cell autonomous Wnt signaling activation by WNT4 and WNT3A, independent of 44 
PORCN and secretion. Direct transfection of Wnt protein activated the Wnt second messenger proteins 45 
DVL2 and DVL3, independent of activation of membrane receptors.  The PORCN-independent, cell-46 
autonomous Wnt signaling demonstrated herein may be critical in WNT4-driven cellular contexts, or 47 
those which are otherwise considered to have dysfunctional Wnt signaling. 48 
  49 
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Introduction 50 
Wnt signaling is an ancestrally conserved pathway that plays fundamental roles in embryonic 51 
development and adult tissue homeostasis. Dysregulation of Wnt signaling is a causative factor for a 52 
range of human pathologies, including several forms of cancer (reviewed in (1)). As a result, inhibition of 53 
Wnt signaling has become an attractive therapeutic target in ongoing clinical trials, with some strategies 54 
targeting the upstream activation of signaling by Wnt proteins (1–3). Wnt proteins comprise a family of 55 
secreted glycoproteins that act as intercellular ligands, which stimulate a myriad of signal transduction 56 
cascades regulating cellular proliferation, stem cell renewal, cell motility, angiogenesis, and apoptosis (1, 57 
4–6). Wnt proteins are post-translationally modified by the O-acyltransferase Porcupine (PORCN), which 58 
palmitoylates Wnt proteins at single serine residues (2, 7–9). This lipidation forms a binding motif for 59 
interaction with Wntless (WLS), which chaperones Wnt proteins to the plasma membrane for secretion 60 
(8, 10, 11). Once secreted, Wnt proteins signal in a paracrine manner, binding nearby receptor complexes. 61 
Wnts typically bind a Frizzled (FZD) receptor in conjunction with the LRP5 or LRP6 co-receptor, 62 
resulting in activation of the Disheveled second messenger proteins (DVL1/2/3 in humans) and initiation 63 
of either canonical (β-catenin-dependent) or non-canonical (β-catenin-independent) signaling (1, 4). The 64 
essential initiating step in Wnt processing is palmitoylation by PORCN, which has prompted the 65 
development of PORCN inhibitors, including IWP compounds (11), WNT974 (a.k.a. LGK974) (3), and 66 
others (2, 12). PORCN inhibitors have been shown to block Wnt secretion, inhibit downstream Wnt 67 
signaling, and suppress Wnt-driven tumor growth in animal models (3, 13, 14), with WNT974 currently 68 
in Phase I/II clinical trials for cancer treatment (NCT01351103, NCT02278133). Based on these 69 
observations, PORCN inhibitors are an attractive strategy to target Wnt-driven pathologies. 70 
 71 
The Wnt protein WNT4 is critical in organogenesis of endocrine organs and regulation of bone mass, and 72 
underlies steroid hormone-related phenotypes in humans (15–22). WNT4 dysregulation via loss-of-73 
function mutation results in developmental female to male sex reversal (23–26). Similarly, WNT4 74 
polymorphisms are associated with endocrine dysfunction, gynecological malignancies, reduced bone 75 
density with premature skeletal aging, and related phenotypes (27–33). WNT4 is also critical in mammary 76 
gland development, as Wnt4 knockout in mouse mammary gland prevents progesterone-driven ductal 77 
elongation and branching during pregnancy (34, 35). In this context, activated progesterone receptor 78 
drives expression of Wnt4 in mammary gland luminal cells resulting in paracrine signaling that supports 79 
maintenance of the mammary stem cell niche (6, 36–38). Despite these observed critical roles of WNT4 80 
in both normal and malignant tissues, WNT4 signaling is crudely understood due to varied context-81 
dependent functions. In a cell type- and tissue-specific manner, WNT4 (human or murine) has been 82 
shown to regulate either canonical or non-canonical Wnt signaling, and has been shown to either activate 83 
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or suppress signaling (described in references herein). Further, conflicting reports exist as to whether 84 
Wnt4 can or cannot activate canonical Wnt signaling in the murine mammary gland (36, 39). As such, 85 
WNT4 has been described as a “problem child” among Wnt proteins. It is also unclear which FZD 86 
receptor complexes are utilized by WNT4, as WNT4 is often required for distinct, non-redundant 87 
functions versus other Wnt proteins (reviewed in (35)). Since WNT4 has myriad downstream signaling 88 
effects, inhibition of WNT4 upstream of Wnt effector pathways (e.g. with PORCN inhibitors) is an 89 
attractive approach to block WNT4 signaling in a “pathway indifferent” manner to treat WNT4-related 90 
pathologies. 91 
 92 
We recently reported that regulation of WNT4 expression is co-opted by the estrogen receptor in a subtype 93 
of breast cancer, invasive lobular carcinoma (ILC) (40, 41). Estrogen-driven WNT4 is required in ILC 94 
cells for estrogen-induced proliferation and survival, as well as anti-estrogen resistance (41). Though 95 
WNT4-driven signaling in ILC is yet to be fully elucidated, ILC cells lack the capacity to engage 96 
canonical Wnt signaling, as the characteristic genetic loss of E-cadherin in ILC leads to loss of β-catenin 97 
protein (41, 42). This suggests WNT4 drives non-canonical Wnt signaling in ILC cells. Though the 98 
specific non-canonical pathway activated by WNT4 is unknown, PORCN inhibition should be an 99 
effective strategy to block WNT4 upstream and treat this subtype of breast cancer. However, treatment of 100 
ILC cells with PORCN inhibitors did not suppress growth or survival. These unexpected results initiated 101 
further studies into the mechanisms of WNT4 secretion and signaling. In this report, we show WNT4 102 
secretion is mediated by atypical mechanisms. Our observations challenge the paradigm that PORCN-103 
mediated secretion is required for Wnt signaling, and suggest a novel process by which Wnt proteins, 104 
including WNT4, can initiate non-canonical Wnt signaling. 105 
 106 
 107 
Results 108 
PORCN inhibition does not mimic WNT4 siRNA in lobular carcinoma cells 109 
We hypothesized that since ILC cells are dependent on WNT4 for proliferation and survival (41), 110 
inhibition of PORCN would phenocopy WNT4 siRNA by blocking WNT4 secretion and downstream 111 
signaling. Proliferation and cell death were monitored by live cell imaging of MM134 (ILC) cells either 112 
transfected with siRNA targeting PORCN (siPORCN) or treated with PORCN inhibitor (PORCNi) 113 
LGK974. Proliferation was compared to untreated cells, and cells treated with the anti-estrogen 114 
fulvestrant (Fulv) or transfected with siRNA targeting WNT4 (siWNT4), both of which strongly suppress 115 
growth. Cell death was monitored by SyTOX green fluorescence, and proliferation results were 116 
confirmed at the experimental endpoint by dsDNA quantification. As we previously reported, siRNA-117 
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mediated WNT4 knockdown or Fulv halt proliferation, and WNT4 knockdown induces cell death (Fig. 118 
1A). However, neither genetic nor chemical PORCN inhibition had any effect on cell proliferation or 119 
survival of MM134 cells (Fig. 1A,B). Similar results were obtained in ILC cell line SUM44PE, as 120 
PORCN inhibitor at concentrations up to 1μM did not affect proliferation (Supplemental Fig. 1). These 121 
data suggest PORCN inhibition is not sufficient to inhibit WNT4 function, and WNT4 signaling likely 122 
occurs via PORCN-independent mechanisms. 123 
 124 
WNT4 secretion is WLS-dependent but PORCN-independent  125 
Since targeting PORCN did not phenocopy WNT4 knockdown, we further examined the role of PORCN 126 
in WNT4 secretion. To facilitate Wnt secretion studies we over-expressed WNT3A or WNT4 in MM134 127 
(MM134:W3 and MM134:W4; Fig. 2A, Table 1), and measured secreted Wnt proteins in conditioned 128 
medium collected from these cells. Of note, since many studies have noted drastic changes in secretion 129 
and activity caused by epitope tags (e.g. (8)), we performed all studies with non-tagged Wnt constructs. 130 
A general workflow for experiments assessing Wnt secretion and function, with a key indicating the 131 
general approach used in each figure panel herein, is shown in Supplemental Fig. 2. 132 
 133 
PORCN-mediated palmitoylation of Wnt proteins is commonly described as required for Wnt binding to 134 
WLS and transport to the cell surface for secretion (see Introduction), so we examined the requisite of 135 
PORCN (using PORCNi and siPORCN) or WLS (using siWLS) for Wnt secretion. Secreted WNT3A and 136 
WNT4 were detected in conditioned medium from MM134:W3 and MM134:W4 respectively (Fig. 2B). 137 
Consistent with the lack of effect of cell proliferation, PORCNi treatment had no effect on WNT4 138 
secretion, and WNT3A secretion was also unaffected by PORCNi (Fig. 2B, top). Similarly, siPORCN 139 
had no effect on secretion of either WNT4 or WNT3A (Fig. 2B, bottom). However, WLS was required 140 
for Wnt secretion, as siWLS suppressed secretion of both WNT3A and WNT4 from MM134 (Fig. 2B, 141 
bottom). These data suggest that Wnt processing and secretion may be atypical in ILC cells, but the 142 
PORCN-independent secretion of WNT4 is a potential mechanism of PORCNi resistance (Figure 1). 143 
 144 
To determine whether PORCN-independent WNT4 secretion is ILC-specific, we utilized the HT1080 145 
fibrosarcoma cell line, a well-characterized model for Wnt secretion, signaling, and activity (8, 43). 146 
Importantly, HT1080 are derived from a bone-like tissue and thus are a relevant context for WNT4 147 
signaling (18, 22) (e.g. WNT4 activates DVL via non-canonical Wnt signaling in HT1080 (8)). We 148 
generated WNT3A and WNT4 over-expressing cells from both wild-type HT1080 and PORCN-knockout 149 
HT1080 (HT1080-PKO, clone delta-19 (43)) (Fig. 2C, Table 1), and assessed Wnt secretion as above. 150 
Unlike the ILC model, WNT3A secretion from HT1080 was PORCN-dependent, as WNT3A could be 151 
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Figure 1. Inhibition or knockdown of PORCN does not phenocopy knockdown of WNT4 in MM134.
(A), MM134 cells were transfected with siRNA or treated with fulvestrant (100nM), LGK974 (10nM), or 0.1% 
vehicle (EtOH or DMSO) at time 0, prior to live cell imaging for proliferation (phase-contrast confluence) and 
death (SyTOX green incorporation). Points represent mean of 6 biological replicates ±SD. (B), Total 
double-stranded DNA was measured from assays in (A) at timecourse completion. *, p<0.05 vs control, 
ANOVA with Dunnett’s multiple correction. Results in A,B are representative of three independent experiments.
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detected in conditioned medium from HT1080:W3 but not HT1080-PKO:W3 cells (Fig. 2D). PORCNi 152 
treatment also blocked WNT3A secretion from HT1080:W3 (Supplemental Fig. 3A). In contrast, WNT4 153 
secretion was detected from both HT1080:W4 and HT1080-PKO:W4 (Fig. 2D), and PORCNi did not 154 
suppress WNT4 secretion from HT1080:W4 (Supplemental Fig. 3A), supporting that WNT4 secretion is 155 
PORCN-independent.  156 
 157 
Endogenously expressed WNT4 was also detected in conditioned medium from HT1080 and HT1080-158 
PKO cell lines (Fig. 2D). Of note, WNT4 secretion from HT1080 did not increase with WNT4 over-159 
expression (Fig. 2D), despite the increased WNT4 protein present in cell lysate (Fig. 2C), suggesting 160 
WNT4 secretion is an active process that is saturated in HT1080 cells. We observed that secreted WNT4 161 
can be resolved by electrophoresis as a doublet. The larger species was PORCN-dependent and not 162 
detected in HT1080-PKO, suggesting that these species represent palmitoylated versus non-palmitoylated 163 
proteins. Notably, in HT1080:W3 endogenous WNT4 shifted to the larger species (Fig. 2D, column 2), 164 
potentially due to positive feedback activation of PORCN activity (44). We observed loss of both species 165 
in conditioned media after WNT4 knockdown by siRNA, confirming both secreted species as WNT4 166 
(Supplemental Fig. 3A). These data indicate that while WNT4 is modified by PORCN, PORCN is not 167 
required for WNT4 secretion. Knockdown of WLS by siRNA suppressed secretion of both WNT3A and 168 
WNT4 from HT1080 (Fig. 2E), confirming that while secretion of WNT3A is dependent on both PORCN 169 
and WLS, WNT4 secretion is PORCN-independent but WLS-dependent.  170 
 171 
Though WNT4 secretion was PORCN-independent in both MM134 and HT1080, WNT4 appeared to be 172 
post-translationally modified during secretion, as noted above (Fig. 2D). Also, in both MM134 and 173 
HT1080, secreted WNT4 migrated as a higher molecular weight species than WNT4 from cell lysate 174 
(Supplemental Fig. 3B). The increased molecular weight is likely due at least in part to glycosylation 175 
(45), as treatment with tunicamycin (N-linked glycosylation inhibitor) decreased the apparent molecular 176 
weight of secreted WNT4 in either cell line (Supplemental Fig. 3B). Notably, MM134 secreted two 177 
WNT4 species when treated with tunicamycin, suggesting WNT4 modification can be variable and cell 178 
context-specific.  179 
 180 
Together these data strongly indicate that WNT4 secretion is PORCN-independent, and also suggest that 181 
Wnt protein processing and signaling may be more broadly atypical in ILC. PORCN-independent WNT4 182 
secretion is a potential mechanism to explain the disparate effects of siWNT4 versus PORCN inhibition. 183 
However, it is unclear if Wnt proteins secreted independently of PORCN are competent to activate 184 
paracrine Wnt signaling. 185 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 4, 2019. ; https://doi.org/10.1101/333906doi: bioRxiv preprint 

https://doi.org/10.1101/333906
http://creativecommons.org/licenses/by-nc/4.0/


A B

0.001

0.01

0.1

1

10

100

1000

HT1080:Wnt OE Lines

m
R

N
A

 E
xp

re
ss

io
n 

(A
rb

. U
ni

ts
)

WNT3A WNT4

WNT4

WNT3A

0.0001
0.001

0.01
0.1

1
10

100
1000

10000

E

WNT4
(Long Exp.)

Ponceau

D

Ctrl 3A 4 Ctrl 3A 4Wnt OE:
HT1080 HT1080-PKO

HT1080 Cell LysateC

HT1080 Conditioned Medium

Ctrl 3A 4Wnt OE:

HT1080 HT1080-PKO
Ctrl 3A 4

Ctrl 3A 4
HT1080 HT1080-PKO

Ctrl 3A 4

WNT4

WNT3A

Ponceau

Wnt OE:
PORCN

WLS

HT1080:W3A

WNT3A

Ponceau

siRNA:
PORCN

WLS

HT1080:W4

siRNA:

WNT4

Ponceau

HT1080 Conditioned Medium

MM134:Wnt OE Lines
m

R
N

A
 E

xp
re

ss
io

n 
(A

rb
. U

ni
ts

)
WNT3A WNT4

Ctrl 3A 4Wnt OE:

Ctrl 3A 4
MM134 Cell Lysate

WNT4

WNT3A

Ponceau

MM134 Conditioned Medium

WNT3A

Ponceau

siRNA: siRNA:

WNT4

Ponceau

PORCN

WLS

MM134:W3A

PORCN

WLS

MM134:W4

WNT3A

WNT4
Ponceau

_ _

Wnt OE:

_ _

LGK974:
_ _ _+ + +

MM134 Wnt OE: Ctrl 3A 4

Figure 2. WNT4 secretion is PORCN-independent, but WLS-dependent.
(A), MM134 constitutive Wnt over-expression cell lines were created as detailed in Methods and Materials. 
Top, qPCR for WNT3A and WNT4. Bars represent mean of 2 technical replicates ±SD. Bottom, immunoblot for 
cellular expression of WNT3A and WNT4. Endogenous WNT4 could not be visualized here due to the level of 
over-expression (B), Top, MM134 were treated with 10nM LGK974, and medium was allowed to condition for 7 
days. Bottom, MM134 were transfected with siPORCN or siWLS, and after 24hrs, medium was changed and 
conditioned for 7 days. Total protein was extracted from medium as above for immunoblot. (C), HT1080 consti-
tutive Wnt over-expression cell lines were created as detailed in Methods and Materials. Left, qPCR for 
WNT3A and WNT4. Bars represent mean of 3 technical replicates ±SD. Right, immunoblot for cellular expres-
sion of WNT3A and WNT4. Over-expression shows endogenous WNT4 expression. (D), HT1080 medium was 
conditioned for 5 days as described in Materials and Methods, prior to total protein extraction for immunoblot. 
(E), HT1080 cells were transfected with siPORCN or siWLS, and after 24hrs, medium was changed and 
conditioned for 5 days. Total protein was extracted from medium as above for immunoblot.
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 186 
WNT4 over-expression does not activate paracrine Wnt signaling  187 
Since palmitoylation of Wnt proteins is typically considered necessary for activation of downstream 188 
signaling pathways, we assessed whether WNT4 secreted independent of PORCN was able to activate 189 
paracrine Wnt signaling. Paracrine signaling was tested by treating HT1080-PKO cells (“receiver” cells, 190 
PKO reduces endogenous paracrine Wnt signaling; see Supplemental Fig. 2) with conditioned medium 191 
from MM134 cells, with or without Wnt over-expression. After 24hr treatment with conditioned medium, 192 
activation of Wnt signaling in receiver cells was assessed via phosphorylation of DVL2, DVL3, and 193 
LRP6, and expression of β-catenin target gene AXIN2. Conditioned medium from neither MM134:W4 nor 194 
MM134:W3 were able to activate Wnt signaling in receiver cells by any measure (Fig. 3A,B) despite the 195 
presence of Wnt protein in conditioned medium from these cells (Fig. 2B). This suggests Wnt secretion is 196 
not sufficient for paracrine activity, but may be linked to the potentially atypical Wnt secretion in MM134 197 
(Fig. 2). We also assessed Wnt paracrine activity from wild-type vs PKO Wnt-overexpressing HT1080. 198 
Conditioned medium from HT1080:W3 activated Wnt signaling in the receiver cells by all measures (Fig. 199 
3C,D), and this was blocked by PORCN knockout (no activity using conditioned medium from HT1080-200 
PKO:W3), consistent with a lack of WNT3A secretion in HT1080-PKO (Fig. 2D). However, conditioned 201 
medium from neither HT1080:W4 nor HT1080-PKO:W4 activated Wnt signaling in the receiver cells 202 
(Fig. 3C,D) despite our ability to detect secreted WNT4 in both contexts (Fig. 2D). Thus, secreted WNT4 203 
from MM134, HT1080, or HT1080-PKO was unable to activate paracrine Wnt signaling.  204 
 205 
Paracrine signaling by Wnt proteins can be mediated by Wnt secretion as well as by Wnt presentation on 206 
the cell surface and subsequent cell-cell contact (46, 47). To determine whether paracrine WNT4 207 
signaling is initiated not by secretion but via cell-cell contact, we used a co-culture model to determine 208 
whether Wnt signaling could be activated in “receiver” cells via co-culture with Wnt-overexpressing 209 
cells. HT1080-PKO cells were transfected with the TOP-FLASH reporter (“receiver” cells), then co-210 
cultured with cells expressing WNT3A or WNT4 (Fig. 3E). WNT3A-expressing cells were able to 211 
activate TOP-FLASH in co-cultured cells in a PORCN-dependent manner (i.e. blocked by LGK974, and 212 
absent from HT1080-PKO:W3 cells). However, under no condition was WNT4 able to activate TOP-213 
FLASH in co-cultured cells. While WNT3A is able to mediate paracrine Wnt signaling in both secreted 214 
and co-culture models, neither secreted nor cell surface WNT4 is able to mediate paracrine signaling. 215 
 216 
Since WNT4 from neither HT1080 nor MM134 cells was able to activate paracrine Wnt signaling, we 217 
treated HT1080-PKO cells with recombinant human Wnt proteins (rWNT3A and rWNT4; 10-500ng/mL). 218 
rWNT3A activated Wnt signaling by all measures, while rWNT4 failed to activate Wnt signaling at any 219 
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concentration (Fig. 3F,G). These data suggest that HT1080 may be non-responsive to paracrine WNT4, 220 
raising the need for orthogonal systems to validate the function of both secreted and recombinant WNT4.  221 
 222 
To further examine the function of recombinant and secreted WNT4, we used MC3T3-E1 as an additional 223 
“receiver” cell line (Supplemental Fig. 2). MC3T3-E1 cells are another bone-like model that are highly 224 
responsive to exogenous Wnt protein and induce alkaline phosphatase production upon Wnt signaling 225 
activation, which can be measured by colorimetric assay (see Materials and Methods; (48)). Conditioned 226 
medium from Wnt-expressing cells as above was used to treat “receiver” 3T3-E1 cells, and alkaline 227 
phosphatase (AP) activity was used as the readout for activation of paracrine Wnt signaling. As expected, 228 
increasing concentrations of either rWNT3A or rWNT4 increased AP activity (Fig. 4A), and both 229 
rWNT3A and rWNT4 induced DVL and LRP6 phosphorylation in 3T3-E1 cells (Supplemental Fig. 4A). 230 
This confirmed that 3T3-E1 respond to paracrine WNT4, and could be used to assess the activity of 231 
secreted Wnts in conditioned medium. Conditioned medium from HT1080:W3, but not HT1080-232 
PKO:W3, induced AP activity (Fig. 4B), consistent with a requirement of PORCN for paracrine WNT3A 233 
signaling. However, though rWNT4 induced AP activity in 3T3-E1, conditioned medium from neither 234 
HT1080:W4 nor HT1080-PKO:W4 induced AP activity (Fig. 4B). Parallel results were obtained using 235 
MM134, as conditioned medium from MM134:W3 induced AP activity in 3T3-E1, which was blocked by 236 
PORCNi treatment, but no AP activity was induced with MM134:W4 conditioned medium (Fig. 4C). We 237 
considered that the level of WNT4 protein secreted by cell lines tested may be insufficient to activate 238 
3T3-E1, given the reduced potency of rWNT4 vs rWNT3A (Fig. 4A). Using rWNT standard curves, we 239 
confirmed that secreted WNT3A and WNT4 in conditioned medium is within the range of rWNT 240 
concentrations that induce AP activity in this assay (Supplemental Figure 4B-D). Notably, commercially 241 
available rWNT3A and rWNT4 are produced lacking the N-terminal signal peptide, and both rWNT3A 242 
and rWNT4 migrated as a smaller peptide than the corresponding Wnt protein secreted from either 243 
HT1080 or MM134 (Supplemental Fig. 4B-C). Taken together, these results indicate secreted Wnt 244 
proteins are not equivalent to recombinant proteins, and have distinct capacities for activating paracrine 245 
Wnt signaling. However, while secreted WNT3A activated paracrine Wnt signaling in a context-246 
dependent manner (based on both source and receiver cells), secreted WNT4 was unable to act as a 247 
functional paracrine signaling ligand in any tested context.  248 
 249 
PORCN-independent WNT4 secretion and lack of paracrine activity is observed in varied model systems 250 
Based on the atypical WNT4 secretion and lack of paracrine activity in the MM134 and HT1080, we 251 
examined Wnt secretion upon WNT3A or WNT4 over-expression in a second ILC cell line (SUM44PE), 252 
an additional breast cancer cell line (HCC1428), and an ovarian cancer cell line (PEO1) (Table 1). Like 253 
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Figure 3. WNT4 does not activate paracrine Wnt signaling.
(A-D) HT1080-PKO control cells were treated for 24 hours with conditioned media (CM, at 50%, 25% or 12.5% 
final volume supplemented with fresh medium) from either MM134 (A-B) or HT1080 cell lines (C-D). (A,C) 
Immunoblots of whole cell lysates from the treated HT1080-PKO cells were run and probed for DVL2, DVL3, 
total LRP6 and phosphorylated LRP6. (B,D) mRNA from the treated HT1080-PKO cells was extracted for 
qPCR for AXIN2 mRNA expression levels, vs RPLP0. Points represent mean of 2 technical replicates ±SD. 
(B,D) Cells treated with 62.5ng/mL rWNT3A as a positive control. Statistics obtained using ANOVA with Dun-
nett’s multiple correction. (E) HT1080-PKO cells were transfected with a TOP-FLASH reporter plasmid, then 
co-cultured with either HT1080 or HT1080-PKO WNT overexpressing (OE) cells, with or without 10nM 
LGK974. ‘Ctrl’ represents TOP-FLASH transfected HT1080-PKO without co-culture. WNT signaling activity, as 
measured by luminescence, was performed using a dual luciferase assay. Statistics obtained using Student’s 
unpaired t-test compared to the no co-culture control (ctrl). * represents p<0.005. Points represent mean of 3 
technical replicates ±SD. Results are representative of two independent experiments. (F-G) HT1080-PKO 
control cells were treated for 24 hours with recombinant WNT protein (at concentrations of 10ng/ml, 50ng/ml, 
100ng/ml, 250ng/ml, or 500ng/ml). (F) Immunoblots of whole cell lysates were run and (G) mRNA extracted for 
qPCR were performed as above (A-D). Statistics obtained using ANOVA with Dunnett’s multiple correction. 
Points represent mean of 2 technical replicates ±SD.
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Figure 4. Secreted versus recombinant Wnt protein differentially activate paracrine signaling.
(A-C), MC3T3-E1 cells were plated into a 96-well plate and 24hrs later were treated with (A), rWNT3A (0, 
18.75, 32.5, 75ng/ml) or rWNT4 (0, 125, 250, 500ng/ml), (B), rWNT3A (62.5ng/ml), rWNT4 (250ng/ml) or 50% 
conditioned media (CM) from HT1080 cell lines, or (C), 50% CM from HT1080 or MM134 cell lines that were 
treated with or without 10nM LGK974. Points represent a mean of 4 (A), 3 (B) and 6 (C) biological replicates 
±SD. Estimated concentrations of secreted WNTs (sWNT) present in CM based on linear regression of rWNTs 
is shown in Supplemental Fig. 4. *, p<0.05 vs control, ANOVA with Dunnett’s multiple correction.
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bone, ovarian cancer is a relevant context as WNT4 mediates Müllerian tissue and ovary development 254 
(23, 25). Wnt expression and secretion were assessed as above, and paracrine activity of secreted Wnt 255 
proteins was tested using the 3T3-E1 receiver model.  256 
 257 
Secreted WNT3A and WNT4 were detected after over-expression in SUM44PE (ILC, Fig. 5A). Similar 258 
to MM134, WNT4 secretion in SUM44PE was PORCN-independent but WLS-dependent (Fig. 5B). 259 
Despite strong WNT3A over-expression in cell lysate, secreted WNT3A from SUM44PE in conditioned 260 
medium was at detection limits. Over-expression of neither WNT3A nor WNT4 induced AP activity 261 
versus parental SUM44PE cells (Fig. 5C). LGK974 and siWLS modestly decreased basal AP activity 262 
versus respective controls, which may be due to secretion inhibition of other Wnt proteins in these cells. 263 
However, these data with SUM44PE are consistent with our observations of PORCN-independent Wnt 264 
secretion and inactive paracrine activity of secreted Wnt proteins in ILC. As observed in HT1080, 265 
WNT3A secretion and activity was PORCN-dependent, but secreted WNT4 lacked any paracrine activity, 266 
from both HCC1428 (Fig. 5D-E) and PEO1 (Fig. 5F-G). In total, we are unable to detect paracrine 267 
WNT4 activity in 5 cell lines derived from 3 different WNT4-responsive tissues of origin (mammary 268 
gland, bone, and ovary), further supporting that secreted WNT4 does not mediate paracrine signaling in 269 
WNT4 expressing cells. 270 
 271 
Secreted or paracrine WNT4 are not required for ILC cell proliferation and viability  272 
Since secreted WNT4 did not activate paracrine Wnt signaling in MM134 or SUM44PE cells, we 273 
hypothesized that WNT4 secretion is dispensable for WNT4 function in ILC cells. To confirm this, we 274 
examined whether blocking WNT4 secretion by WLS knockdown would phenocopy WNT4 knockdown 275 
in MM134 cells. MM134 were transfected with siRNAs targeting WNT4, PORCN, or WLS, followed by 276 
cell proliferation and death assays as above. Despite the loss of WNT4 secretion, siWLS had no 277 
detrimental effect on MM134 proliferation or viability and did not phenocopy siWNT4 (Supplemental 278 
Fig. 5A-B). Similarly, we attempted to rescue WNT4 knockdown with conditioned medium from 279 
MM134 (with or without Wnt over-expression) or rWNT protein. Exogenous Wnt protein had no effect 280 
on siWNT4-mediated growth inhibition or cell death (Supplemental Fig. 5C-D). Considering the lack of 281 
paracrine activity by secreted WNT4, these data suggest that in some contexts, secretion may ultimately 282 
not have a functional role in the activation of Wnt signaling in WNT4-expressing cells. 283 
 284 
WNT4 and WNT3A activate cell-autonomous signaling  285 
Our observations suggest WNT4 may activate signaling not via paracrine or autocrine mechanisms, but 286 
rather by a cell-autonomous mechanism. To examine cell-autonomous Wnt-induced signaling we 287 
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Figure 5. WNT4 from various cell types lacks paracrine activity.
Western blots of whole cell lysate or conditioned media from WNT3A or WNT4 overexpressing (A) SUM44PE, 
(D) HCC1428, or (F) PEO1 cell lines were probed for either WNT3A or WNT4. (B), A western blot of condi-
tioned media from SUM44PE WNT4 over expressing cells treated with either LGK974, siPORCN or siWLS. 
Statistics obtained using ANOVA with Dunnett’s multiple correction. Alkaline phosphatase production induced 
by conditioned media from WNT3A or WNT4 overexpressing (C) SUM44PE, (E) HCC1428 or (G) PEO1 cell 
lines was measured. Points represent a mean of 4 biological replicates ±SD.
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examined Wnt activity via DVL and LRP6 phosphorylation and AXIN2 expression directly in HT1080 288 
and HT1080-PKO over-expressing WNT3A or WNT4 (Fig. S2; Fig. 6A,B). Consistent with conditioned 289 
medium/receiver cell experiments, both HT1080:W3 and HT1080:W4 had increased DVL and LRP6 290 
phosphorylation (Fig. 6A), but only HT1080:W3 had increased AXIN2 expression (Fig. 6B). In HT1080-291 
PKO, despite the inability of HT1080 to respond to paracrine (secreted or recombinant) WNT4 (Fig. 3) 292 
and the lack of PORCN-mediated WNT3A secretion, over-expression of either WNT3A or WNT4 293 
induced cell-autonomous DVL2 and DVL3 phosphorylation (Fig. 6A). However, consistent with loss of 294 
PORCN-mediated Wnt secretion, Wnt over-expression did not activate LRP6 in HT1080-PKO or induce 295 
AXIN2 expression in HT1080-PKO cells. WNT3A or WNT4 over-expression in MM134 was not 296 
associated with DVL2/3 activation, suggesting cell autonomous Wnt signaling may activate cell-type 297 
specific pathways (Supplemental Fig. 6). Despite the observed secretion of either WNT3A or WNT4 in 298 
MM134 Wnt-overexpressing cells (Fig. 2F), no phosphorylation of LRP6 was observed, further 299 
supporting that secreted Wnt proteins lack the ability to induce paracrine signaling in MM134 (Fig. S5). 300 
 301 
As WNT4 is required for bone regeneration and cell proliferation (22), we examined if WNT4 is similarly 302 
essential for proliferation and/or viability of HT1080 or HT1080-PKO. We hypothesized that WNT4 303 
might be dispensable in HT1080, due to redundant Wnt signaling. However, without functional PORCN 304 
for secretion and paracrine signaling of Wnt family members, HT1080-PKO may become reliant on cell-305 
autonomous PORCN-independent WNT4 signaling. Knockdown of WNT4 induced ~21% cell death at 306 
48h post-knockdown in HT1080 (Fig. 6C), leading to a modest suppression of proliferation (Fig. 6D). In 307 
contrast, WNT4 knockdown in HT1080-PKO strongly suppressed growth, and cell death was accelerated 308 
(~70% cell death at 48h post-knockdown). Importantly, minimal cell death was induced by WLS 309 
knockdown in either HT1080 or HT1080-PKO, despite global suppression of Wnt secretion in the latter 310 
with ablation of both PORCN and WLS. The sensitivity of HT1080-PKO to knockdown of WNT4, but 311 
not WLS, supports a critical role for secretion-independent functions of WNT4. Further, these data 312 
support that HT1080-PKO cells are reliant on cell-autonomous WNT4 signaling in the absence of 313 
paracrine signaling by other Wnt proteins.  314 
 315 
To determine whether cell autonomous Wnt signaling could be activated directly by intra-cellular Wnt 316 
protein, we transfected recombinant Wnt protein directly in to HT1080-PKO cells and examined 317 
activation of Wnt signaling as above, 4 hours post-treatment. Of note, these experiments used higher Wnt 318 
protein concentrations (~4000ng/mL) than in above paracrine signaling studies (Fig. 3); rWnt protein is 319 
also not identical to Wnt proteins produced endogenously (Supplemental Fig. 4). Compared to control 320 
transfection with FITC-labeled antibody, transfection of WNT3A or WNT4 activated DVL2/3 321 
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phosphorylation in HT1080-PKO (Fig. 6E). Though paracrine treatment with this high concentration of 322 
Wnt protein was sufficient to activate DVL2/3 with either WNT3A or WNT4, LRP6 was only 323 
phosphorylated with paracrine WNT3A. This indicates that transfected Wnt protein activates DVL2/3 324 
independent of extracellular activity, as observed in HT1080-PKO Wnt-overexpressing cells (Fig. 6A,B). 325 
 326 
Discussion 327 
The Wnt modifying enzyme PORCN is commonly described as a gatekeeper for the secretion of Wnt 328 
proteins, and thus PORCN inhibition is an approach to broadly block Wnt signaling without targeting cell 329 
type- or tissue-specific downstream Wnt pathways. WNT4 signaling is required for survival and 330 
proliferation of ILC cells, but we show that PORCN is dispensable, calling into question the role of 331 
PORCN in WNT4 signaling. PORCN was not required for WNT4 secretion from a panel of cell lines, as 332 
genetic or chemical PORCN blockade had no effect on WNT4 section. However, WNT4 was not capable 333 
of activating paracrine Wnt signaling in any model tested, despite the ability of recombinant human 334 
WNT4 to do so in a context-dependent manner. These data together suggest that secreted WNT4 may not 335 
be responsible for driving signaling in WNT4-expressing cells. Instead, we determined that WNT4 and 336 
WNT3A can activate cell autonomous, intra-cellular signaling independent of secretion. This unique 337 
mode of Wnt signaling (Fig. 7) is likely essential for the survival and proliferation of WNT4-dependent 338 
cells. 339 
 340 
Our observations of PORCN-independent WNT4 signaling are supported by other studies that suggest a 341 
disconnect between PORCN activity and Wnt secretion/signaling, and support that the requirement for 342 
PORCN is context-dependent and not absolute. Nusse and colleagues reported PORCN-independent 343 
secretion and activity of Drosophila WntD (49). WntD is secreted at high levels in fly tissues and cell 344 
culture models, independent of both Porcupine and Wntless, and ablation of either Porcupine or Wntless 345 
did not affect WntD signaling in fly tissues. WntD utilizes the early secretory pathway protein Rab1 346 
GTPase (RAB1A homolog) for secretion, which represented a distinct and novel secretion mechanism 347 
versus Porcupine-mediated secretion of Wingless (WNT1 homolog). Importantly, WntD lacks the 348 
conserved serine residue that is palmitoylated by PORCN (49). WntD is thus unique among Wnt proteins, 349 
and is unlikely to be analogous to WNT4, but this supports that Wnt proteins can be secreted and signal 350 
independent of PORCN-driven modification. PORCN-independent Wnt secretion and signaling was also 351 
observed in a study of human primary cells by Richards et al (50). Neither PORCN-inhibitor IWP-2 nor 352 
PORCN siRNA knockdown suppressed secretion of any endogenously expressed Wnt proteins from 353 
CD8+ T-cells (Wnts 1, 3, 5B, 10B) or astrocytes (Wnts 1, 3, 6, 7A, 10A, 16). Wnt proteins secreted from 354 
IWP-2-treated cells were functional in conditioned medium experiments, but PORCN-independent 355 
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Figure 6. WNT4 and WNT3A have cell autonomous activity independent of PORCN.
(A), Whole cell lysates from HT1080 cell lines were harvested and immunoblotted for DVL2, DVL3, total LRP6 
and phosphorylated LRP6. (B), mRNA from HT1080 cell lines was extracted and qPCR was performed to 
determine expression levels of AXIN2. Points represent a mean of 3 technical replicates ±SD. (C-D), HT1080 
(WT or PORCN null) cell lines transfected with siControl, siWLS, or siWNT4. (C), Cells were live cell imaged 
for cell death (SyTOX green) and (D), total double-stranded DNA was measured at timecourse completion. 
Points represent a mean of 6 biological replicates ±SD. (E), HT1080 control cells were treated or transfected 
with 1μg of either a FITC-labeled antibody, rWNT3A or rWNT4. Whole cell lysates were harvested 4hr 
post-transfection and immunoblotted for DVL2, DVL3, total LRP6, or phosphorylated LRP6. Statistics obtained 
using ANOVA with Dunnett’s multiple correction. Representative of two independent experiments.
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Figure 7. Paracrine Wnt activity is context dependent based on Wnt ligand source and receiver cell.
(A), WNT4 can be modified by PORCN during the process of secretion, but WNT4 can instead be secreted in 
a PORCN-independent, WLS-dependent manner. In either case, secreted WNT4 does not have paracrine 
activity in any context tested herein. Cell-autonomous WNT4 signaling can activate DVL proteins 
intracellularly, and likely signals via other pathways in ILC cells. (B), WNT3A can be secreted independent of 
PORCN from ILC cells, but PORCN function is overall required for paracrine activity. However, paracrine 
activity of WNT3A was dependent on the Wnt source and the receiver cell context. Source/receiver summary 
is shown in Supplemental Figure 7.
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secretory mechanisms were not characterized. Other studies have shown that PORCN may differentially 356 
regulate the activity of individual Wnt proteins. In HEK293T cells, over-expression of PORCN and WLS 357 
together enhanced secretion of WNT1 (compared with WLS alone) but suppressed WNT1-induced 358 
paracrine or autocrine activation of β-catenin (versus WLS over-expression alone) (51). This was not 359 
observed with WNT3A, indicating PORCN specifically suppressed paracrine activity of WNT1, despite 360 
driving WNT1 secretion. Wnt-specific Porcupine functions have also been reported in Zebrafish (52). 361 
Knockdown of porcn in Zebrafish embryos suppressed secretion of Wnt5a and resulted in defects related 362 
to loss of non-canonical (β-catenin-independent) Wnt signaling. Conversely, canonical β-catenin-363 
dependent Wnt signaling was not altered by porcn knockdown, and secretion of Wnt3a was not impaired. 364 
Similar data regarding specifically WNT4 are limited. A clinical WNT4 mutation (L12P (24), discussed 365 
further below) blocks WNT4 palmitoylation but not secretion, yet ultimately is associated with WNT4 366 
loss-of-function, consistent with a disconnect between PORCN, WNT4 secretion, and WNT4 signaling. 367 
These studies together show that Wnt proteins secreted in PORCN-independent manners can be active in 368 
paracrine signaling models, but to our knowledge, this is the first report of PORCN-independent Wnt 369 
activity that is also independent of secretion. Of note, Kurita et al recently demonstrated that Wnt4 siRNA 370 
in mouse pancreatic β-cells suppressed glucose-induced insulin secretion, but treatment with recombinant 371 
Wnt4 had no effect on insulin secretion (53). These data parallel our findings and support that WNT4 has 372 
a novel function in signaling independent of PORCN, secretion, and paracrine signaling. 373 
 374 
Our data, together with the above reports on PORCN-independent Wnt signaling, highlight that the roles 375 
of PORCN and WLS in Wnt modification, secretion, and signaling are context-dependent across 376 
individual Wnt proteins in a cell-type specific manner. This observed context-dependence includes not 377 
only the specific “receiver” cells in question (perhaps best understood in the context of differentially 378 
expressed FZD receptors), but also includes the source of the Wnt protein (Fig. 7, Supplemental Fig .7). 379 
For example, WNT3A secreted from HT1080 robustly activated Wnt signaling in 3T3-E1 or HT1080-380 
PKO cells, and PORCN was required for both secretion and paracrine activity. In contrast, WNT3A 381 
secreted from MM134 cells activated Wnt signaling in 3T3-E1 but not HT1080-PKO cells, and PORCN 382 
was required for paracrine activity but not secretion. Cell-type specific Wnt protein post-translational 383 
modification may drive these differences, as changes in modification (e.g. glycosylation patterns) has 384 
been shown to alter Wnt processing, secretion, and signaling (51, 54).  This may be consistent with our 385 
observation that recombinant Wnt proteins were more promiscuously able to activate signaling than 386 
secreted Wnt proteins. For example, whereas rWNT4 activated 3T3-E1 cells, WNT4 secreted from any 387 
cell line tested did not activate 3T3-E1 Wnt signaling. This highlights that care needs to be taken when 388 
using recombinant Wnt proteins, as rWnt proteins may represent a specific species of secreted Wnt 389 
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protein that may or may not be active in the context of interest. Similarly, rWnt proteins may have a 390 
distinct functional capacity not reflected by their endogenous counterpart Wnt protein in a given context. 391 
Studies with rWNT proteins also will not capture potential contributions of autocrine or cell autonomous 392 
Wnt signaling. 393 
 394 
Our observations indicate WNT4 and WNT3A likely signal via at least three distinct mechanisms: 1) as a 395 
secreted protein with PORCN modification; 2) as a secreted protein without PORCN modification; 3) by 396 
a cell-autonomous mechanism independent of secretion. This may offer an explanation for the myriad of 397 
context-dependent signaling pathways activated by WNT4, including activating canonical β-catenin 398 
activity (15, 36, 55), repressing β-catenin-driven transcription (56, 57), or activating non-canonical Wnt 399 
signaling pathways (22, 58). For example, PORCN-driven palmitoylation may mediate the ability of 400 
WNT4 to act via canonical versus non-canonical Wnt signaling, and/or via cell-autonomous mechanisms. 401 
Additionally, the differences we observed between recombinant and secreted WNT4 indicate differential 402 
protein processing may guide Wnt proteins to activate distinct signaling pathways. The commercially 403 
available recombinant Wnt proteins used in our study lack the N-terminal signal peptide (residues 1-22 404 
for WNT4), however, Wnt signal peptides may have important roles in the regulation of signaling activity 405 
(45). The WNT4 signal peptide has uniquely high percentages of arginine (14%) and serine (18%) 406 
compared to other human Wnts (average 5% and 9%, respectively), whereas WNT3A has no charged or 407 
polar residues in its signal peptide. Mutation in the signal peptide (L12P) of WNT4 has also been linked 408 
to Mayer-Rokitansky-Küster-Hauser syndrome (24). The L12P mutant functions as a dominant negative 409 
inhibitor and suppresses the activity of wild-type WNT4 when co-expressed. Although the L12P mutant 410 
protein is not palmitoylated, it is secreted and does not prevent secretion of wild-type protein (24). These 411 
observations are consistent with our findings of PORCN-independent WNT4 secretion. The mechanism 412 
of dominant-negative activity has not been described but suggests distinct forms of WNT4 may drive cell 413 
autonomous Wnt signaling. Identifying the sequence and protein modifications of potential WNT4 414 
species is an important future direction. 415 
 416 
ILC may represent a unique context for paracrine Wnt signaling, as we observed that both WNT3A and 417 
WNT4 could be secreted from ILC cells in a PORCN-independent manner. While WNT3A activity 418 
remained dependent on PORCN (similar to Wnt5a in 293T cells (59)), the role of WNT4 processing in 419 
paracrine activity is unclear. However, this atypical Wnt processing in ILC cells (also observed in relation 420 
to glycosylation) may be related to broader Wnt signaling dysfunction. The genetic hallmark of ILC is the 421 
loss of E-cadherin (CDH1) (42), which leads to dysfunction of catenin proteins, including activation of 422 
p120 catenin (60) and in-activation of β-catenin. E-cadherin loss in ILC leads to a loss of β-catenin 423 
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protein in both patient tumors and cell lines (41, 42), and as a result, β-catenin-driven TOP-Flash reporter 424 
activity cannot be activated in ILC cells (41). This catenin protein dysfunction was previously postulated 425 
as being linked to PORCNi sensitivity, and ILC patients were specifically included in a trial of WNT974 426 
(NCT01351103). This trial opened in 2011, but by 2015 ILC patients were removed from the inclusion 427 
criteria. It is unclear whether this is due to accrual problems or a lack of efficacy, as neither have been 428 
specifically reported for ILC patients on this trial, although our data suggest PORCNi are unlikely to have 429 
clinical efficacy for ILC. This highlights the importance of defining the unique context for Wnt signaling 430 
in ILC, in particular for WNT4, based on our prior findings (41). Our laboratory has begun to characterize 431 
WNT4-driven signaling in ILC cells, which may be mediated by PORCN-independent, cell-autonomous 432 
WNT4 signaling.  433 
 434 
Importantly, our study uses diverse cell line models to investigate Wnt secretion and paracrine activity of 435 
Wnt proteins, which allowed us to identify the context-dependence of Wnt signaling described herein. We 436 
used non-tagged Wnt expression constructs, which eliminated previously described complications with 437 
altered processing and reduced activity for tagged Wnt proteins. Wnt signaling activity was measured by 438 
diverse yet redundant pathway readouts that facilitated our study of context-dependent Wnt signaling 439 
activities. The cell line models used for Wnt secretion were all cancer-derived, and thus further study is 440 
needed to translate our findings to normal tissue, developmental, or in vivo contexts. We observed 441 
identical processing and secretion for endogenously expressed WNT4 as for over-expressed WNT4 442 
(models used herein express low or no endogenous WNT3A), but over-expression was required to 443 
facilitate signaling experiments. As such, future studies will need to determine the contribution of 444 
endogenous Wnt protein levels to activating the signaling pathways discussed herein.  445 
 446 
The secretion and paracrine activity of Wnt proteins are heavily context-dependent, as WNT3A and 447 
WNT4 present with differing dependence on PORCN for secretion and paracrine activity in distinct 448 
model systems. Secretion of WNT4 is PORCN-independent and WLS-dependent, but WNT4 did not 449 
present paracrine activity in cells otherwise dependent on WNT4, indicative of cell-autonomous, 450 
secretion-independent activity. Both WNT4 and WNT3A presented cell-autonomous activity via non-451 
canonical Wnt signaling, independent of secretion. Our studies identify a PORCN-independent mode of 452 
Wnt signaling may be critical to understanding cellular contexts which are otherwise considered to have 453 
dysfunctional Wnt signaling. 454 
  455 
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Methods and Materials 456 
Cell culture 457 
HT1080 and PORCN-knockout HT1080 (HT1080-PKO; clone delta-19) were a generous gift from Dr. 458 
David Virshup (43), and were maintained in DMEM/F12 (Corning, Corning, NY, USA, cat#10092CV) + 459 
10% FBS (Nucleus Biologics, San Diego, CA, USA, cat#FBS1824). MDA MB 134VI (MM134; ATCC, 460 
Manassas, VA, USA) and SUM44PE (BioIVT, Westbury, NY, USA) were maintained as described (40). 461 
PEO1 and HCC1428 (ATCC) were maintained in DMEM/F12 + 10% FBS.  MC3T3-E1 (ATCC) were 462 
maintained in MEM Alpha without ascorbic acid (Thermo Fisher Scientific, Waltham, MA, USA, 463 
cat#A10490-01) + 10% FBS. Wnt overexpression lines were generated by lentiviral transduction of Wnt 464 
expression plasmids (see below) with selection of antibiotic-resistant pools, and were maintained in 2.5 465 
μg/mL blasticidin. PEO1:W3 were established by us previously (61). All lines were incubated at 37°C in 466 
5% CO2. Cell lines are authenticated annually by the University of Arizona Genetics Core cell line 467 
authentication service and confirmed to be mycoplasma negative every four months. Authenticated cells 468 
were in continuous culture <6 months. 469 
 470 
Reagents and plasmids 471 
LGK974 was obtained from Cayman Chemical (Ann Arbor, MI, USA, cat#14072) and was dissolved in 472 
DMSO. WntC59 was obtained from Tocris Biosciences (Bristol, UK, cat#5148) and was dissolved in 473 
DMSO. Fulvestrant was obtained from Tocris Biosciences (#1047) and was dissolved in EtOH. 474 
Tunicamycin was obtained from Cayman Chemical (# 11445) and reconstituted in DMSO. Recombinant 475 
human WNT3A (#5036-WN-010) and WNT4 (#6076-WN-005) were obtained from R&D Systems 476 
(Minneapolis, MN, USA) and reconstituted per the manufacturer’s instructions. 477 
 478 
Wnt plasmids used in this publication were a gift from Drs. Marian Waterman, David Virshup and Xi He 479 
(Addgene, Watertown, MA, USA, kit #1000000022) (8). The M50 Super 8x TOPFlash plasmid was a 480 
generous gift from Dr. Randall Moon (Addgene, plasmid #12456) ((62). Lentiviral vectors for WNT3A 481 
and WNT4 were generated by Gateway Recombination of pENTR-STOP Wnt open reading frames to 482 
pLX304, a kind gift from Dr. Bob Sclafani.  483 
 484 
Transient transfection assays 485 
HT1080 cells were transfected with Active WNT3A-V5 (G-8) and Active WNT4-V5 (G-10) from 486 
Addgene kit #1000000022. The transfection used Lipofectamine LTX Reagent with PLUS Reagent 487 
(Thermo Fisher Scientific, Cat# 15338100) using the manufacturer’s instructions. 488 
 489 
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Protein extraction from conditioned medium 490 
HT1080, MM134, HCC1428, or PEO1cells were plated in full medium (as above, 10% FBS). Decreased 491 
FBS is required to reduce competition of serum proteins with secreted Wnt proteins during extraction. 492 
24hrs post-plating, medium was changed to reduced serum medium: DMEM/F12 + 2% FBS (HT1080, 493 
PEO1); DMEM + 2% FBS (HCC1428); DMEM/L15 + 5% FBS (MM134). Conditioned medium was 494 
harvested 4-5 days later for HT1080 cells and 6-7 days later for MM134, HCC1428 and PEO1 cells, 495 
typically once medium acidification was apparent by phenol red color change. SUM44PE cells are 496 
normally cultured in low serum (DMEM/F12 + 2% CSS), so standard medium was allowed to condition 497 
for 6-7 days before harvesting. Medium was centrifuged at 300xg for 4min to pellet any cells or debris. 498 
The supernatant was then syringe-filtered using a 0.2μm filter. The protein concentration of the 499 
conditioned medium was measured using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 500 
cat#23225), and medium volumes, normalized to total protein, were adjusted with sterile-filtered PBS. 501 
Strataclean resin (Agilent Technologies, Santa Clara, CA, USA, cat#400714) was added to the 502 
conditioned media at a ratio of 10μL of resin to 100μg of medium protein, and vortexed to re-suspend the 503 
resin. The medium+resin mixture was incubated, rotating at 4C for 30min, then centrifuged at 425xg for 504 
1min at 4C. The supernatant was then aspirated and the resin was washed using sterile-filtered PBS. The 505 
resin was centrifuged again at 425xg for 1min at 4C, and the supernatant was aspirated. An equal volume 506 
of 2X Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA, USA, cat#1610737) was added to 507 
the resin to release bound protein, and the slurry was heated at 95C for 5min. Slurry equivalent to 100ug 508 
of conditioned medium protein was run on SDS-PAGE gels to detect secreted WNT3A or WNT4 via 509 
immunoblotting (below). 510 
 511 
Alkaline phosphatase assay 512 
MC3T3-E1 cells were seeded into a 96-well plate at 10,000 cells/well. 24hrs later the cells were treated 513 
with either conditioned media (CM) or recombinant WNTs (rWNTs). 72hrs later, alkaline phosphatase 514 
activity was assessed, using para-Nitrophenyl phosphate (pNp) as a substrate and measuring absorbance 515 
at 405nm. Assay protocol is based on Nakamura et al (63) with buffer modifications provided by the 516 
recombinant Wnt manufacturer (R&D Systems). A more detailed protocol is available upon request. 517 
para-Nitrophenyl Phosphate tablets were obtained from Cayman Chemical (cat# 400090). 518 
 519 
Co-culture and Dual Luciferase Assay 520 
HT1080-PKO cells were transfected with both a TOP-FLASH and renilla reporter plasmid. 24 hours later, 521 
these cells were co-cultured with either HT1080 or HT1080-PKO WNT overexpressing cells, with or 522 
without 10nM LGK974 treatment. 48 hours later, luciferase and renilla activity was assessed using 523 
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Promega’s Dual Luciferase Assay (Promega, Madison, WI, USA, cat# E1910) and a BioTek Synergy 2 524 
microplate reader (BioTek, Winooski, VT, USA) with a dual injector system according to the 525 
manufacturer’s instructions.  526 
 527 
Proliferation and viability assays 528 
Cells were seeded in a 96-well plate and 24hrs later cells were treated with 100nM Sytox green (Thermo 529 
Fisher Scientific, cat# S7020). The plate was then placed into an Incucyte Zoom (Essen Bioscience, Ann 530 
Arbor, MI, USA) for 4-5 days where they were imaged every 4hrs at 10x magnification. Cell confluence 531 
and cell death (Sytox green-positive counts) were assessed using Incucyte S3 software (v2018A). After 532 
time-course completion, total double-stranded DNA was measured by hypotonic lysis of cells in ultra-533 
pure H2O, followed by addition of Hoechst 33258 (Thermo Fisher Scientific, #62249) at 1μg/mL in Tris-534 
NaCl buffer (10mM Tris, 2M NaCl; pH 7.4) at equivalent volume to lysate. Fluorescence (360nm ex / 535 
460nm em) was measured on a Bio-Tek Synergy 2 microplate reader.  536 
 537 
RNA interference 538 
siRNAs were reverse transfected using RNAiMAX (ThermoFisher) according to the manufacturer’s 539 
instructions. All constructs are siGENOME SMARTpool siRNAs (GE Healthcare Dharmacon, Lafayette, 540 
CO, USA): Non-targeting pool #2 (D-001206-14-05), Human WNT4 (M-008659-03-0005), Human 541 
PORCN (M-009613-00) and Human WLS (M-018728-01-0005). Details regarding validation of the 542 
specific effects of the WNT4 siRNA pool are previously described (41). 543 
 544 
Gene expression analyses 545 
RNA extractions were performed using the RNeasy Mini kit (Qiagen, Venlo, Netherlands); mRNA was 546 
converted to cDNA on an Eppendorf Mastercycler Pro (Eppendorf, Hamburg, Germany) and using 547 
Promega reagents: Oligo (dT)15 primer (cat# C110A), Random Primers (cat# C118A), GoScript 5x 548 
Reaction Buffer (cat# A500D), 25mM MgCl2 (cat# A351H), 10mM dNTPs (cat# U1511), RNasin Plus 549 
RNase Inhibitor (cat# N261B) and GoScript Reverse Transcriptase (cat# A501D). qPCR reactions were 550 
performed with PowerUp SYBR Green Master Mix (Life Technologies, cat # 100029284) on a 551 
QuantStudio 6 Flex Real-Time PCR system. Expression data were normalized to RPLP0. The following 552 
primers were used: RPLP0, Forward – CAGCATCTACAACCCTGAAG, Reverse – 553 
GACAGACACTGGCAACATT; WNT4, Forward – GCCATTGAGGAGTGCCAGTA, Reverse – 554 
CCACACCTGCCGAAGAGATG; WNT3A, Forward – ATGGTGTCTCGGGAGTT, Reverse – 555 
TGGCACTTGCACTTGAG; PORCN, Forward – ACCATCCTCATCTACCTACTC, Reverse – 556 
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CCTTCATGGCCACAATCA; AXIN2: Forward – CTCTGGAGCTGTTTCTTACTG, Reverse – 557 
CTCTGGAGCTGTTTCTTACTG. 558 
 559 
Immunoblotting 560 
Whole-cell lysates were obtained by incubating cells in lysis buffer (1% Triton X-100, 50mM HEPES pH 561 
7.4, 140mM NaCl, 1.5mM MgCl2, 1mM EGTA, 10% glycerol; supplemented with Roche 562 
protease/phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA)) for 30min on ice. Cells 563 
were centrifuged at 16000xg for 15min at 4C and the resulting supernatant was collected for analysis. 564 
Protein concentration was measured using the Pierce BCA Protein Assay Kit (#23225). Standard methods 565 
were used to perform SDS-PAGE. Proteins were transferred onto PVDF membranes. Antibodies were 566 
used according to manufacturer’s recommendations: WNT4 (R&D, MAB4751, clone# 55025, 1:1,000), 567 
WNT3A (R&D, MAB13242, clone# 217804.2R, 1:1,000), DVL2 (Cell Signaling Technology, Danvers, 568 
MA, USA, cat#3216, 1:2,000), DVL3 (Cell Signaling, 3218, 1:2,000), pLRP6 (s1490, Cell Signaling, 569 
2568, 1:2,000), LRP6 (Cell Signaling, 2560, clone# C5C7, 1:2,000), Vinculin (Cell Signaling, cat# 570 
13901S 1:10,000) and V5 (Novus Biologicals, Centennial, CO, USA, NB100-62264, clone #SV5-PK1, 571 
1:2,500). Specificity of WNT4 antibody was validated using siWNT4 (Figure S3) and the recognition of 572 
recombinant WNT4 compared to endogenous and overexpressed WNT4 (Figure 4E-F). Secondary 573 
antibodies were used according to manufacturer’s instruction and were obtained from Jackson 574 
ImmunoResearch Laboratories (West Grove, PA, USA): Goat Anti-Mouse IgG (cat # 115-035-068), Goat 575 
Anti-Rabbit IgG (cat# 111-035-045) and Goat Anti-Rat IgG (cat# 112-035-062). All secondary antibodies 576 
were used at a dilution of 1:10,000. Chemiluminescence was used to detect antibodies and either film or 577 
the LI-COR c-Digit (LI-COR Biosciences, Lincoln, NE, USA) was used to develop the immunoblots. Of 578 
note, WNT4 MAB4751 detects a prominent non-specific band at ~50kD in immunoblots from cell 579 
lysates. This non-specific target largely precludes detection of WNT4, but cutting immunoblot 580 
membranes immediately below a 50kD ladder marker prevents this issue. This non-specific band was not 581 
detected in WNT4 immunoblots from conditioned medium. Similarly, in immunoblots of conditioned 582 
medium WNT3A MAB13242 detects a prominent non-specific band at ~60kD that precludes detection of 583 
secreted WNT3A; cutting membranes above a 50kD ladder marker prevents this issue. This non-specific 584 
band was not detected in WNT3A immunoblots from cell lysates. 585 
 586 
Protein Transfection 587 
HT1080 wild type cells were seeded into a 24-well plate at 100,000 cell/well. 24hrs later, protein 588 
transfection was performed using the Pierce Protein Transfection Reagent (Themo Fisher Scientific, Cat# 589 
89850). The FITC antibody control was provided with the transfection reagent. All protein transfections 590 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 4, 2019. ; https://doi.org/10.1101/333906doi: bioRxiv preprint 

https://doi.org/10.1101/333906
http://creativecommons.org/licenses/by-nc/4.0/


were carried out per the manufacturer’s instructions, with protein concentrations of 4ug/ml (1ug/24-well). 591 
Cells were harvested for whole cell lysate as above 4hr after transfection. 592 
 593 
  594 
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Statistical Considerations 595 
Prism was used for all graphical representation and statistical analyses. All western blot figures are 596 
representative of at least two to three independent experiments. 597 
 598 
Software 599 
Prism (GraphPad Software, San Diego, CA, USA, version 7.02) and Image Studio (LI-COR Biosciences, 600 
Lincoln, NE, USA, version 5.2) were used to obtain and analyze that data presented in this manuscript. 601 
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Table 1 – Model Systems 846 
 847 

  
Tissue Type WNT Over-expression 

(Wnt OE) 
 

Cell Line 
Tumor 
(WNT4-responsive tissue) WNT3A WNT4 PORCN Activity 

MM134  ILC/Breast Cancer - - Normal 
MM134:W3  (Mammary Gland) Yes - Normal 
MM134:W4   - Yes Normal 
HT1080 Fibrosarcoma (Bone) - - Normal 
HT1080:W3  Yes - Normal 
HT1080:W4  - Yes Normal 
HT1080-PKO Fibrosarcoma (Bone) - - Inactive 
HT1080-PKO:W3  Yes - Inactive 
HT1080-PKO:W4  - Yes Inactive 
SUM44PE ILC/Breast Cancer (as above)  Normal 
 (Mammary Gland)    
HCC1428 Breast Cancer (as above)  Normal 
 (Mammary Gland)    
PEO1 Ovarian Cancer (as above)  Normal 
 (Ovary)    

 848 
 849 
 850 
List of Abbreviations 851 
 852 

AP - Alkaline Phosphatase 853 
AXIN2 - Axin related protein 2 854 
CDH1 - E-cadherin 855 
CM - Conditioned Media 856 
DVL - Disheveled 857 
Fulv - Fulvestrant 858 
FZD - Frizzled 859 
ILC - Invasive Lobular Carcinoma 860 
LRP - Lipoprotein receptor-related protein 861 
PKO - Porcupine knockout 862 
PORCN - O-acyltransferase Porcupine 863 
PORCNi - Porcupine inhibitor 864 
rWNT - Recombinant WNT 865 
sWNT - Secreted WNT 866 
WLS - Wntless 867 
WNT - Wingless/Integrated 868 

 869 

  870 
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Supplemental Figure 1. PORCNi (WntC59) does not impact ILC growth.
MM134 and SUM44PE were plated and 24hrs later started treatment with either anti-estrogen fulvestrant 
(Fulv) or increasing concentrations of WntC59. At the timecourse completion of either 5 or 7 days, total ATP 
was measured using Promega Cell-Titer Glo. Points represent the mean of 6 biological replicates + SD.
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Cells +/- WNT over-expression are 
allowed to condition medium for up to 7 
days (as described in the Methods) after 
siRNA transfection or PORCNi treatment 
as indicated.

Cells collected

Cells lysed for Western 
Blot, mRNA analysis

Figure 2: A,C
Figure 5: A,D,F
Figure 6: A,B,E
Figure S4: A
Figure S6: A

Conditioned medium collected

Protein collected via 
Strataclean resin for WB analysis

Figure 2: B,D,E
Figure 5: A,B,D,F
Figure S3: A,B
Figure S4: B,C,D

Conditioned medium used 
to treat “receiver” cells 

3T3-E1 Alk. Phos. Assay
Figure 4A: treated w/ rWNT
Figure 4: B,C
Figure 5: C,E,G

HT1080-PKO (et al)
Wnt Signaling 

WB, mRNA analysis

Figure 3: A,B,C,D*
Figure 3F,G use rWNT

MM134 Growth Assay

Figure S5: A-D

Supplemental Figure 2. Experimental Workflow for Assessing Wnt Secretion and Function.
Diagram of the workflow for experiments aimed at assessing the ability of Wnt proteins to be secreted and their 
functionality. Experimental endpoints are labeled with corresponding figures.

*Figure 3E uses a co-culture method 
that does not use the above work flow
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A
Ctrl 3A 4

HT1080

-siWNT4: + - - - - -
LGK974: - - - + - ++
Wnt OE:

WNT4

Ponceau

Supplemental Figure 3. WNT4 secretion is PORCN-independent, but secreted WNT4 is 
post-translationally modified.
(A), HT1080 cells were reverse transfected with siWNT4. 24hrs later media was changed and cells were 
treated with or without LGK974 (10nM). Conditioned media (CM) was harvested 5 days later and total 
protein was collected from immunoblotting (as described in the Methods and Materials) for WNT3A or 
WNT4. (B), Conditioned media was harvested from either HT1080:WT or MM134:Wnt4 over-expressing 
cells after treatment (3 or 5 days respectively) with increasing concentrations of tunicamycin (0.5uM, 1uM or 
10uM). WNT4 presence was detected from untreated whole cell lysate and conditioned media.

WN3A

B
Lys

ate
Conditioned Media

Tunicamycin_
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Supplemental Figure 4. Secreted Wnt proteins are at concentrations sufficient to activate paracrine 
signaling.
(A), 3T3-E1 cells were treated for 24hrs with 300ng/ml of either rWNT3A or rWNT4. Immunoblots of whole cell 
lysates were probed for DVL2, DVL3, total LRP6 and phosphorylated LRP6. (E-F), Serial dilutions of rWNTs 
(2.5, 5, 10, 20ng) were run on an immunoblot alongside CM collected from HT1080 or MM134 cell lines. Blots 
were probed for either WNT3A or WNT4, respectively. (G), Estimated concentrations of secreted WNTs 
(sWNT) present in CM based on linear regression of rWNTs. Volume of CM loaded per well varied from  
25-70uL, normalized based on total protein concentration (see Materials and Methods).
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Supplemental Figure 5. siWLS does not phenocopy siWNT4 and CM does not rescue siWNT4 in MM134.
(A-B), MM134 were reverse transfected with siRNA as indicated. (C-D), 24hrs after WNT4 knockdown, cells 
were treated with either rWNT3A (62.5mg/ml), rWNT4 (250ng/ml) or conditioned media (CM). The cells were 
live cell imaged for (A,C), proliferation (phase-contrast confluence) and death (SyTOX green incorporation). 
(B,D), Total double stranded DNA was neasured from assays in (A,C) at timecourse completion. Point repre-
sent mean of six biological replicates + SD.
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Supplemental Figure 6. WNT overexpression does not induce autonomous phosphorylation of 
DVL2/3 in MM134.
Whole cell lysates from MM134 were harvested and immunoblotted for DVL2, DVL3, total and phosphor-
ylated LRP6.
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Wnt Source Wnt OE Mode Receiver Ac ve?
HT1080 WNT4 Paracrine HT1080:PKO No
HT1080 WNT4 Paracrine 3T3-E1 No

HT1080:PKO WNT4 Paracrine HT1080:PKO No
HT1080:PKO WNT4 Paracrine 3T3-E1 No
MM134 WNT4 Paracrine HT1080:PKO No
MM134 WNT4 Paracrine 3T3-E1 No
HCC1428 WNT4 Paracrine 3T3-E1 No
PEO1 WNT4 Paracrine 3T3-E1 No

SUM44PE WNT4 Paracrine 3T3-E1 No
Recombinant rWNT4 Paracrine HT1080:PKO No
Recombinant rWNT4 Paracrine 3T3-E1 Yes

HT1080 WNT4 Autonomous (HT1080) Yes
HT1080:PKO WNT4 Autonomous (HT1080:PKO) Yes
MM134 WNT4 Autonomous (MM134) Yes

Wnt Source Wnt OE Mode Receiver Ac ve?
HT1080 WNT3A Paracrine HT1080:PKO Yes
HT1080 WNT3A Paracrine 3T3-E1 Yes

HT1080:PKO WNT3A Paracrine HT1080:PKO No*
HT1080:PKO WNT3A Paracrine 3T3-E1 No*
MM134 WNT3A Paracrine HT1080:PKO No
MM134 WNT3A Paracrine 3T3-E1 Yes
HCC1428 WNT3A Paracrine 3T3-E1 Yes
PEO1 WNT3A Paracrine 3T3-E1 Yes

SUM44PE WNT3A Paracrine 3T3-E1 No
Recombinant rWNT3A Paracrine HT1080:PKO Yes
Recombinant rWNT3A Paracrine 3T3-E1 Yes

HT1080 WNT3A Autonomous (HT1080) Yes
HT1080:PKO WNT3A Autonomous (HT1080:PKO) Yes
MM134 WNT3A Autonomous (MM134) n/a

A

B

Supplemental Figure 7. Summary of paracrine Wnt activity per source and receiver context.
Summary of results herein for (A) WNT4 and (B) WNT3A. 
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