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Introduction

KRAS is the oncogene most frequently mutated in cancer. KRAS 
encodes a small GTPase that regulates signaling pathways for 
cell growth but functions in this way only when associated with 
the plasma membrane (PM). Accordingly, much effort has been 
devoted to understanding how KRAS associates with the PM 
in the hope of interfering with this process for therapeutic ben-
efit (Cox et al., 2015). KRAS4B, the primary splice variant of 
the KRAS locus, is a peripheral membrane protein that gains 
affinity for the PM through posttranslational modification of 
its C-terminal CAAX motif (CVIM sequence) with a farnesyl 
lipid, followed by endoproteolytic removal of the VIM res-
idues and methyl esterification of the farnesylcysteine. These 
sequential modifications are catalyzed by farnesyltransferase 
(FTase), RAS-converting enzyme 1 (RCE1), and isoprenylcys-
teine carboxylmethyltransferase (ICMT; Wright and Philips, 
2006). Modification of the CVIM sequence is necessary but not 
sufficient for trafficking to the PM; also required is a polyba-
sic sequence in the hypervariable region (HVR) immediately 
upstream of CVIM (Hancock et al., 1990; Choy et al., 1999). 
The polybasic sequence allows for an electrostatic interaction 
with the negatively charged headgroups of the inner leaflet of 
the PM (Hancock et al., 1990). The interaction can be mod-

ulated by phosphorylation of serine 181 within the polybasic 
region (Bivona et al., 2006).

The characterization of RCE1 (Schmidt et al., 1998) and 
ICMT (Dai et al., 1998) as polytopic membrane proteins re-
stricted to the ER demonstrated that CAAX processing of RAS 
and related proteins, begun in the cytosol by FTase, is completed 
on the cytosolic face of the ER. This has raised the question of 
how RAS proteins are transferred from the ER to the PM. After 
CAAX processing, NRAS and HRAS are palmitoylated on the 
Golgi apparatus and then transferred to the PM via vesicular 
trafficking (Choy et al., 1999; Apolloni et al., 2000). In contrast, 
KRAS4B does not visit the Golgi and is not palmitoylated. The 
mechanism through which nascent KRAS4B traffics from the 
cytosolic face of the ER to the PM after CAAX processing has 
not been clearly defined. There is evidence for both rapid, fluid- 
phase transfer (Silvius et al., 2006) and transfer by vesicular 
trafficking (Lu et al., 2009; Schmick et al., 2014). Transfer 
through the cytosol may be facilitated by prenyl-binding pro-
teins such as the δ subunit of phosphodiesterase type 6 (PDE6δ; 
Chandra et al., 2011; Tsai et al., 2015).

FTase, RCE1, ICMT, and PDE6δ have all served as tar-
gets for anticancer drug discovery, but only FTase inhibitors 
have made it to the clinic, where they failed to show efficacy 
(Cox et al., 2015). This has stimulated renewed efforts to more 
fully elucidate the details of RAS trafficking and prompted us to 
take an unbiased approach to identify previously unrecognized 
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genes involved in targeting KRAS4B to the PM. Our approach 
led to the discovery of a requirement for and association with 
GPR31, an orphan G protein–coupled receptor (GPCR). Our 
data suggest that GPR31 acts as a secretory pathway chaperone 
to assist in the delivery of KRAS4B from ER to PM.

Results and discussion

Dual-luciferase assay for KRAS4B 
membrane association
With the goal of performing a screen for previously unappre-
ciated genes required for KRAS4B membrane trafficking, we 
developed a dual luciferase assay that measures, in a quanti-
tative fashion, the degree of KRAS4B membrane association. 
We constructed a chimera consisting of a fusion of the DNA-
binding domain of Gal4 and the transactivation domain of VP16 
fused in turn to the N terminus of KRAS4B (Fig.  1  A). We 
expected the native PM targeting sequence of KRAS4B to se-
quester Gal4-VP16 away from the nucleus. We coexpressed this 
construct with a firefly luciferase reporter driven by a 9xUAS 
promoter as well as a renilla luciferase driven by a CMV pro-
moter to serve as a control for cell number and transfection effi-
ciency. The resulting expression level of Gal4-VP16-KRAS4B 
was well below that of endogenous Ras, in part because of 
proteasomal degradation (Fig. S1 A). Luciferase values were 
proportional to the amount of Gal4-VP16-KRAS4B plasmid 
DNA, allowing us to define conditions under which the signal 
from farnesylation-deficient KRAS4B C185S was 5- to 10-fold 
higher than WT KRAS4B (Fig. S1 B). Gal4-VP16 fused to 
the KRAS4B HVR alone (aa 165–188) also required an intact 
CVIM sequence to mute transcriptional activity but gave higher 
baseline luciferase values, because this fusion protein was ex-
pressed at levels far greater than those of Gal4-VP16-KRAS4B 
(Figs. 1 B and S1, B and C). The GTP-binding state of the Gal4-
VP16-KRAS4B fusion did not affect our assay. We validated 
the assay by testing KRAS4B C-terminal mutations previously 
shown to affect membrane binding (Fig. 1 B). As we have re-
ported (Hancock et al., 1990), substituting glutamine for six of 
the twelve HVR lysines was required to diminish membrane af-
finity (Fig. 1 B). Although FTase inhibitors (FTIs) alone are in-
effective at mislocalizing GFP-KRAS4B because of alternative 
prenylation (Whyte et al., 1997), a mixture of FTI and a gera-
nylgeranyltransferase inhibitor (GGTI) led to loss of KRAS4B 
from the PM (Fig. 1 C) and luciferase values similar to those of 
Gal4-VP16-KRAS4B C185S (Figs. 1 C and S1 C). Silencing 
FNTA, the gene that encodes the common α subunit of FTase 
and GGTase, also resulted in elevated luciferase readings (Figs. 
1 C and S1 D) but did not affect KRAS4B expression (Fig. S3 
E). In contrast, silencing neither RCE1 nor ICMT was sufficient 
to block membrane association of KRAS4B (Fig. S1 D); hence, 
these genes were not expected to be among screening hits.

Genome-wide siRNA screen for genes 
that are required for KRAS4B membrane 
association
We adapted our assay to a 384-well format and performed a 
genome-wide siRNA screen for genes that, when silenced, gave 
a firefly/renilla reading above a threshold. siRNA targeting 
FNTA served as the positive control present in multiple wells in 
all plates (Fig. 1 D). A total of 21,687 genes were screened in 
duplicate. The Pearson’s correlation coefficients for the entire 

screen were 0.93 for renilla and 0.823 for firefly luciferase. Ap-
plying stringent criteria, we identified 100 genes in the library 
that gave a positive result in the initial screen. Validation assays 
with alternate siRNAs reduced the number to 26. To those, we 
applied secondary, independent screens consisting of scoring 
for mislocalization of GFP-KRAS4B by either inspection or 
using a previously described (Cho et al., 2012) high-content, 
image-based assay that measures colocalization by Mander’s 
coefficient of GFP-KRAS4B and cytoplasmic mCherry (Fig. 
S2; and Table S1). This reduced the number of genes of in-
terest to 13 (Fig.  1  D). Surprisingly, among these were two 
orphan GPCRs, GPR31 and GPR141. Because GPCRs are 
among the most amenable to drug treatment of all signaling 
molecules, we sought to characterize the role of these proteins 
in KRAS4B membrane association. Ectopically expressed 
GPR141 proved unstable, so we focused on GPR31. Although 
silencing GPR31 was not as effective in reducing the amount of 
GFP-KRAS4B on the PM as was knockdown of FNTA, there 
was a clear accumulation of GFP-K-Ras4B in the cytoplasm 
in HeLa (Fig. 1 E), A549 (Fig. S2 A), and U2OS (Fig. S2 B) 
cells, providing independent validation of a role for GPR31 in 
KRAS4B membrane association.

KRAS4B interacts with GPR31
Like all GPCRs, GPR31 is predicted to be a seven-membrane–
spanning protein that is cotranslationally inserted into the ER and 
then traffics through the secretory pathway to reach the PM. Con-
sistent with the expected trafficking, live cell imaging revealed 
GPR31-GFP on the PM and on endomembranes (Fig.  2  A).  
tdTomato-KRAS4B colocalized with GPR31-GFP. To establish 
a protein–protein interaction between the colocalized proteins, 
we expressed HA-tagged GPR31 and GFP-tagged KRAS4B and 
observed coimmunoprecipitation of the former with the latter 
(Fig. 2 B). Because expression of properly folded, recombinant 
GPCRs in the absence of membranes is exceedingly challeng-
ing, we could not determine whether the interaction is direct or 
indirect. HA-GPR31 coimmunoprecipitated with WT KRAS4B 
but not KRAS4B C185S, demonstrating that farnesylation of 
KRAS4B is required for the interaction. This was confirmed by 
treating the cells with FTI plus GGTI, which inhibited the inter-
action. KRAS4B-CVIL, a construct in which a CAAX motif that 
directs geranylgeranylation was substituted for the farnesylated 
CVIM sequence of KRAS4B, also associated with GPR31, 
demonstrating that either prenyl lipid promotes binding. These 
results suggest that expression on the same membrane com-
partment is a prerequisite for the protein–protein interaction. 
KRAS4B G12V, a constitutively active form, interacted with 
GPR31 somewhat more efficiently than did the WT protein, sug-
gesting that GTP binding is not required for the interaction but 
may afford some degree of stabilization.

To establish specificity for GPR31, we tested two other 
GPCRs. Whereas HA-tagged KRAS4B was coimmunoprecip-
itated by GPR31-GFP (demonstrating a reciprocal coimmu-
noprecipitation), neither GFP-tagged β2 adrenergic receptor 
(β2AR) nor a GFP-tagged formyl peptide receptor, FPR-RS2, 
interacted with the GTPase (Fig.  2  C). To establish specific-
ity for RAS proteins, we tested the other RAS isoforms and a 
related small GTPase. The alternate splice form of the KRAS 
locus, KRAS4A, interacted with GPR31 as efficiently as did 
KRAS4B. Both NRAS and HRAS also bound to GPR31, al-
though the interaction with HRAS was less efficient. RAP1b, a 
small GTPase closely related to RAS, did not bind, demonstrat-
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ing specificity for RAS proteins (Fig. 2 D). KRAS interacted 
with GPR31 when targeted to membranes by either its native 
C terminus or that of HRAS, but not when targeted with the C 
terminus of RAP1B (Fig. 2 E). This suggests that the interaction 
depends both on the G domain of RAS and on proper compart-
ment and membrane microdomain targeting.

GPR31 can retain KRAS4B on 
endomembrane
The requirement for a GPCR for KRAS4B membrane asso-
ciation and function suggests two alternative models. First 

is an indirect effect downstream of GPCR signaling. GPR31 
has been reported to be a 12-(S)-hydroxyeicosatetraenoic 
acid (12-(S)-HETE) receptor that transduces signals to ERK 
(Guo et al., 2011). Interestingly, GPR31 is up-regulated in 
prostate cancer (Honn et al., 2016). We have been unable to 
confirm signaling to ERK, and 12-(S)-HETE had no effect on 
KRAS4B membrane association.

An alternative model is suggested by the protein–protein 
interaction described. Because GPR31 is an intrinsic membrane 
protein that transits the secretory pathway, whereas KRAS4B 
is a peripheral membrane protein with no obvious means of 

Figure 1.  Genome-wide screen identifies GPR31 as required for KRAS4B membrane association. (A) KRAS4B membrane association assay. A Gal4-VP16 
transcription factor is kept out of the nucleus by fusion with KRAS4B. When expressed in cells that coexpress a 9xUAS firefly luciferase (FL) reporter as 
well as a CMV-driven renilla luciferase (RL) control, the expression of the reporter is inversely proportional to the affinity for membranes of Gal4-VP16-
KRAS4B. Farnesylation-deficient Gal4-VP16-KRAS4B C185S serves as the positive control. (B) Gal4-VP16 was fused to the HVR of KRAS4B (aa 165–188, 
designated AA165) with or without the indicated substitution of lysines for glutamine and used in the assay described in A. Values plotted are mean ± SD; 
n = 3; **, P < 0.01 relative to AA165. (C) Confocal images of live HeLa cells transiently transfected with GFP-KRAS4B and treated with or without FTI + 
GGTI. HeLa cells transfected with Gal4-VP16-KRAS4B, 9xUAS-FL, and CMV-RL (A) in 384-well format and treated with or without FTI + GGTI or with or 
without siRNA targeting FNTA. Values plotted are representative of two independent experiments. (D) HeLa cells were transfected as in C and subjected 
to a whole-genome siRNA screen as described in Materials and methods. Positive and negative control values are plotted as mean ± SD of 828 wells 
distributed among the screening plates. ***, P < 0.0001, unpaired t test with Welch correction. Table lists 13 genes that scored positive in the screen and 
were subsequently validated with secondary screens. (E) Confocal images of HeLa cells transfected with GFP-KRAS4B and siRNAs (either nontargeting or 
targeting FNTA or GPR31). Bars, 10 μm.
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active targeting to the PM, we entertained the possibility that 
GPR31 acts as a secretory pathway chaperone for KRAS4B. 
One prediction of such a model is that GPR31 retained in the 
ER might lead to retention of KRAS4B on the same compart-
ment. To test this hypothesis, we appended an ER retention se-
quence (RSRR; Gassmann et al., 2005) between the GPCR and 
GFP, coexpressed the modified GPCR with tagged KRAS4B, 
and observed effects on the localization of the two molecules. 
As expected, whereas GRP31-GFP decorated both endomem-
brane and PM, GRP31-RSRR-GFP was restricted to the ER 
(Fig.  3). Importantly, tdTomato-KRAS4B was observed on 
the ER when coexpressed with GRP31-RSRR-GFP (Fig. 3 A), 
supporting the chaperone model. A protein–protein interaction 
between KRAS4B and GRP31-RSRR-GFP on the ER was con-
firmed by coimmunoprecipitation (Fig. 3 B). Because silencing 
GPR31 did not completely inhibit delivery of KRAS4B to the 
PM (Figs. 1 E and S2) and because relative PM accumulation of 
GFP-RAS is difficult to quantify by fluorescence, we turned to 
immunogold EM measurement of GFP-KRAS4B on the baso
lateral surface of cells, which we have shown to be a highly 
accurate and reproducible method of measuring PM expression 
(Prior et al., 2003). We found that silencing GPR31 diminished 
delivery of KRAS4B to the basolateral membrane of Caco-2 
cells by 65% (Fig. 3 C), supporting a model in which GPR31 

plays a role in KRAS4B trafficking. Conversely, we observed 
that overexpression of GPR31 increased delivery of KRAS4B 
to the basolateral membrane (Fig.  3  D). Importantly, overex-
pression of ER-restricted GPR31-RSRR had the opposite ef-
fect, inhibiting delivery to the PM. These data are consistent 
with GPR31 playing a role as a trafficking chaperone.

The physical interaction between a GPCR and a RAS 
family small GTPase has not been previously reported. Nev-
ertheless, such an interaction might be expected given the fact 
that heterotrimeric G protein α subunits evolved from a pri-
mordial small GTPase of the RAS superfamily. Indeed, the re-
cent cocrystal of Gαs complexed with the β2AR revealed that 
the GPCR engages the α5 helix of the RAS domain of Gαs 
(Rasmussen et al., 2011).

GPR31 is required for oncogenic 
KRAS signaling
We next sought to determine the requirement for GPR31 for 
KRAS signaling. We were unable to observe a consistent effect 
on phospho-ERK, MEK, or AKT upon silencing GPR31, but 
neither could we detect consistent changes as a consequence of 
silencing KRAS itself. This is consistent with recent studies of 
silencing KRAS in tumor cells that express mutant KRAS (Hayes 
et al., 2016). We therefore turned to assays of cell growth. We 

Figure 2.  GPR31 interacts with KRAS4B in a 
prenylation-dependent manner. (A) Confocal 
images of live HeLa cells transiently transfected 
with GPR31-GFP and tdTomato-KRAS4B. Bar, 
10 µm. (B) HEK-293T cells were cotransfected 
with the indicated GFP-tagged GTPases and 
HA-tagged GPR31 with or without treatment 
with FTI + GGTI. GFP-tagged proteins were 
immunoprecipitated from cell lysates and 
blotted (IB) for GFP and HA. (C) HEK-293T 
cells were cotransfected with the indicated 
GFP-tagged GPCRs and HA-tagged KRAS4B, 
processed, and analyzed as in B.  (D and 
E) HEK-293T cells were transfected, pro-
cessed, and analyzed as in B.
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examined the growth of two human tumor cell lines that re-
quire KRAS for proliferation, A549 lung adenocarcinoma cells 
and UM-UC-3 bladder carcinoma cells. Silencing GPR31 with 
a number of different siRNAs (Fig.  4) slowed the growth of 
each of these cells to the same extent as silencing KRAS (Fig. 4, 
A and B; and Fig. S3). HCT116 colon adenocarcinoma cells 
and MIA-PaCa2 pancreatic adenocarcinoma cells, harboring 
one or two mutant KRAS alleles, respectively, on which they 
rely for survival (Fleming et al., 2005; Shao et al., 2014), be-
haved like A549 cells in sensitivity to silencing either GPR31 
or KRAS (Fig. 4 C). In contrast, H1437 cells that contain only 
WT RAS were less sensitive to knockdown of either GPR31 or 
KRAS (Fig. 4 C). Thus, human cancer cells that require KRAS 
for survival also require GPR31. We targeted the GPR31 locus 

in A549 cells for disruption with CRI​SPR/Cas9 but were unable 
to recover any GPR31-null clones, confirming a requirement 
for GPR31 for survival.

GPR31 is required for KRAS-stimulated 
macropinocytosis
In addition to stimulating growth and survival, oncogenic 
KRAS also stimulates macropinocytosis (MP) in tumor cells 
(Commisso et al., 2013). Using a semiquantitative assay for 
MP that measures internalized high-molecular-mass dextran, 
we observed robust uptake in both A549 and UM-UC-3 cells 
(Fig. 5 A). As expected, silencing KRAS dramatically reduced 
MP in these cells. Strikingly, silencing GPR31 with any of sev-
eral siRNAs had the same effect (Fig. 5, A and B). The use of 

Figure 3.  KRAS4B colocalizes and interacts with GPR31 restricted to the ER, and delivery of KRAS4B to the PM requires GPR31. (A) COS-1 cells were 
cotransfected with tdTomato KRAS4B and GPR31-GFP with or without an ER retention signal (RSRR) inserted upstream of GFP and imaged alive as in 
Fig. 2 A. Enlargement reveals colocalization on the ER. Bars: (main) 10 µm; (enlargements) 2 µm. (B) HEK-293T cells were cotransfected with GFP-tagged 
GPR31 or GPR31-RSRR and HA-tagged KRAS4B or KRAS4B-C185S. GFP-tagged proteins were immunoprecipitated (IP) from cell lysates and blotted (IB) for 
GFP and HA. (C) Caco-2 cells were transfected with GFP-KRAS4B and siRNA control or targeting GPR31 before immunogold staining and quantification 
of GFP-KRAS4B (15 cells analyzed). Bars, 100 nm. (D) BHK cells stably expressing GFP-KRAS4B were transfected with FLAG-tagged GPR31 or GPR31-
RSRR and processed as in C (16, 23, and 16 cells analyzed, respectively). Values plotted are mean ± SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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siRNAs that target the 3′ UTR of the GPR31 message allowed 
for expression of exogenous GPR31 without the native UTR. 
Expression of GPR31 rescued the effect on MP of two siRNAs 
that target the 3′ UTR, suggesting that the effect of the siRNA 
is on target (Fig. 5 C).

Oncogenic RAS stimulates MP by engaging TIAM1 
(Lambert et al., 2002), which activates RAC1 and thereby en-
hances PM ruffling. RAS-stimulated MP is not isoform specific 
because all GTP-bound forms of RAS are capable of stimulat-
ing RAC1 through TIAM. To determine whether KRAS4B and 
GPR31 work in the same pathway with regard to promoting 
MP, we attempted to rescue the inhibition of MP mediated by 
silencing GPR31 with overexpression of RAS or RAC1. Ecto-
pic expression of KRAS4B G12V did not overcome the inhi-
bition of MP, either because sufficient expression could not be 
achieved or because KRAS4B trafficking is sensitive to GPR31 
deficiency. In contrast, expression of either HRAS G12V or 
RAC1 Q61L rescued the effects of silencing GPR31 (Fig. 5 D). 
This result establishes an epistatic relationship between GPR31 
and the RAS/TIAM/RAC1 signaling module with regard 
to the regulation of MP.

NRAS, HRAS, and KRAS4A are palmitoylated in their 
HVRs, and this reversible modification works in conjunction 
with farnesylation to provide an affinity trap on cellular mem-
branes that in turn promotes trafficking via vesicular transport. 
In contrast, KRAS4B has a relatively low affinity for membranes 
(Silvius et al., 2006). Although some membrane-to-membrane 
transport may be effected by fluid phase transfer using cytosolic  
chaperones such as PDE6δ (Chandra et al., 2011), live cell im-
aging has also revealed vesicular transport of GFP-KRAS4B 
(Lu et al., 2009). The notion of a KRAS4B transport chaper-
one that is itself a transmembrane protein that transits the se-
cretory pathway from ER to cell surface is an attractive one. 
All seven-transmembrane–spanning proteins do not necessarily 
function by signaling to heterotrimeric G proteins. For example, 
there is a large class of “GPCRs” that serve as adhesion mole-
cules (Yona et al., 2008) and smoothened functions without G 
proteins (Ayers and Thérond, 2010). Our data suggest yet an-
other function of a specific GPCR, that of assisting KRAS4B 
to navigate the secretory pathway to the PM where it signals. 
The requirement for GPR31 for growth of KRAS-transformed 
cells suggests that the protein–protein interaction reported here 

Figure 4.  Depletion of GPR31 slows the 
growth of KRAS mutant tumor cells. (A) A549 
and UM-UC-3 cells that harbor oncogenic 
KRAS were transfected with control siRNA or 
siRNA targeting KRAS or GPR31 on day 0. The 
total number of cells was measured by Syto60 
staining on the days indicated. (B) Cells were 
transfected as in A with the indicated siRNA 
targeting GPR31 and harvested on days 5 and 
7. (C) Tumor cells with (MIA-PaCa-2, HCT116, 
A549) or without (H1437) oncogenic KRAS 
were transfected as in A, harvested on day 6, 
and analyzed for cell number as in A and B or 
by MTS assay for viability. Values plotted are 
mean ± SD; n = 6, 4, and 3 for A, B, and C, 
repectively. *, P < 0.05; **, P < 0.01.
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is functionally important and raises the possibility of a new tar-
get for anti-RAS therapy.

Materials and methods

Luciferase-based assay measuring KRAS4B membrane association
HeLa cells were plated in 96-well plates the day before transfection. 
The GAL4 DNA binding domain (aa 1–147) linked to a VP16 full-
length activation domain (aa 413–490; Ogura et al., 2009) was sub-
cloned into pCDNA3.1(+) (Thermo Fisher Scientific). The coding 
sequence of full-length KRAS4B or the KRAS4B hypervariable region 
(aa 165–188) was cloned in-frame 3′ of the Gal4-VP16 sequence. Var-
ious mutants were created using standard cloning procedures. HeLa 
cells were cotransfected using SuperFect (QIA​GEN) with the indicated 
GAL4-VP16 chimeras along with UAS-firefly luciferase (pGL4.35, 
luc2P/9xGAL4UAS/Hygro, #137A; Promega) and CMV-renilla lu-
ciferase (gift from R.  Dasgupta, Genome Institute of Singapore, 
Singapore). Where indicated, a combination of FTI L-744,832 and 
GGTI-2418 was added 2–4 h after transfection. Cells were harvested, 

lysed, and assayed for firefly and renilla luciferase activities according 
to the protocol for the Dual-Glo Luciferase Assay System (Promega).

Human whole-genome siRNA screen
A whole-genome siRNA screen was performed in HeLa cells using 
a prealiquoted Silencer siRNA library (Ambion) at 30 nM final con-
centration. A total of 21,687 genes were represented in the library and 
were arrayed into sixty-nine 384-well plates in duplicate. Gene silenc-
ing was induced for 72  h via reverse transfection using Dharmafect 
1 (GE Healthcare). Thereafter, the cells were transfected with the re-
porter constructs (GAL4-VP16-KRAS4B, UAS-firefly luciferase, and 
CMV-renilla luciferase), and 24 h later the luciferase activities (firefly 
and renilla) were measured according to the manufacturer’s instructions 
(Promega). The renilla luciferase served as internal control for transfec-
tion efficiency and cell viability. The Pearson’s correlation coefficients 
of the renilla raw values were 0.885 for the negative nontargeting con-
trol siRNA and 0.893 for the positive control siRNA targeting FNTA. 
The Pearson’s correlation coefficients for the entire screen were 0.93 
for renilla luciferase and 0.823 for firefly luciferase raw values. Nor-
malization of the firefly luciferase values to renilla luciferase values 

Figure 5.  GPR31 is required for KRAS-de-
pendent macropinocytosis. (A) A549 cells 
were transfected with control siRNA or siRNA 
targeting KRAS or GPR31 and analyzed for 
macropinocytosis as described in Materials 
and methods. Representative micrographs are 
shown with HMW dextran in red and nuclei in 
blue. (B) Quantification of data shown in A for 
both A549 and UM-UC-3 cells. (C) Macropino-
cytosis quantified as in B in cells treated with 
the indicated siRNA targeting GPR31 with or 
without forced expression of GPR31 as indi-
cated. (D) A549 cells treated with or without 
siRNA targeting GPR31 were transfected with 
GFP alone, GFP-HRAS G12V, or GFP-RAC1 
Q61L. GFP-positive cells were analyzed for 
macropinocytosis. Representative micrographs 
of cells treated with siGPR31 are shown with 
HMW dextran in red, nuclei in blue, and GFP 
in green. Bar graph shows quantification of 
macropinocytosis in cells positive for GFP. Val-
ues plotted are mean ± SD; n = 3; **, P < 
0.01; ***, P < 0.0001. Bars, 10 μm.
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were used for further evaluation. The Kif11 siRNA that targets a gene 
essential for cell survival served as control for knockdown efficiency. 
As expected, wells that received Kif11 siRNA had very low renilla lu-
ciferase values, leading to elevated firefly/renilla ratios in the absence 
of stimulated firefly luciferase activity. To avoid scoring false positives 
because of the down-regulation of essential genes, wells with renilla 
values lower than 1,000 were eliminated from further analysis. Mean 
firefly/renilla luciferase values were calculated for each plate for both 
the entire set of wells and those wells containing negative control  
siRNAs. z-Scores for each well were calculated as the difference be-
tween the plate mean and an individual well, divided by the SD of each 
plate. The values for each gene were analyzed by three methods. In 
method 1, the value for each well was divided by the plate mean. In 
method 2, the value for each well was divided by the negative control 
mean. In method 3, the z-score for each well was divided by the mean 
z-score of the negative control wells for the entire screen. Genes were 
marked as potentially positive for each method if the normalized values 
reached values 5-, 7-, or 10-fold that of the denominator. Hits were 
selected as those genes that reached a 7- or 10-fold threshold in at least 
two of the three methods of analysis or reached the fivefold threshold in 
all three methods. 100 of the 21,687 genes screened met these criteria. 
These genes were then evaluated with a validation screen with three 
individual siRNAs. 26 genes passed the validation screen with firefly/
luciferase values ≥2-fold higher than nontargeting siRNAs induced by 
at least two of the three siRNAs tested and in at least two of three 
replica plates. The 26 genes identified were further validated with an 
independent secondary screen involving silencing each gene with GE 
Healthcare SmartPool ON-TAR​GET plus siRNA in HeLa cells express-
ing GFP-KRAS4B and scoring for mislocalization of the fluorescent 
protein from the plasma membrane to the cytoplasm. Mislocalization 
of GFP-KRAS4B was also performed in a quantitative manner using 
Mander’s coefficient (see Determination of Mander’s coefficient).

CRI​SPR/Cas9-gene targeting
The sequence to be targeted in the GPR31 locus was generated by 
annealing the following oligos: top, 5′-CAC​CGC​GCC​TTC​TAC​CTG​
AGC​CTCC-3′, and bottom, 5′- AAA​CGG​AGG​CTC​AGG​TAG​AAG​
GCGC-3′, and cloned into pSpCas9(BB)-2A-GFP (PX458) to direct 
expression of a sgRNA along with Cas9, as described (Ran et al., 2013). 
To insert a premature stop codon into this locus, a single-stranded DNA 
oligo encoding a repair template for homologous recombination was 
designed with the following sequence: 5′-GTC​TAC​CTG​CTC​AAC​
CTG​GCC​CTG​GCT​GAC​CTG​CTG​TTG​GCT​GCG​TGC​CTG​CCT​TTC​
CTG​GCC​GCC​TTC​TAC​CTG​AGC​CTC​CAA​GCT​TGG​CAT​CTGTG 
ACGT​GTG​GGC​TGC​TGG​GCC​CTG​CAC​TTC​CTG​CTG​GAC​CTC​
AGC​CGC​AGC​GTG​GGG​ATG​GCC​TTC​CTG​GCC​GCC​GTG​GCT​
TTG​GAC​CGG​TAC​CTC​CGT​GTG​GT-3′ (inserted stop codon in bold).

A549 cells were cotransfected with pSpCas9(BB)-2A-GFP-
GPR31 and the repair template using Lipofectamine 3000 (Invitro-
gen). Cells were sorted for GFP expression and seeded as single-cell 
clones. Clones were screened for genome editing by PCR with the 
following primer pairs: WT forward, 5′-CCA​GGC​TTG​GCA​TCT​
GGGC-3′, and reverse, 5′-AGT​GCT​TCC​TGC​CAG​ATG​AT-3′; mu-
tant forward, 5′-CCA​AGC​TTG​GCA​TCT​GTGA-3′, and reverse, 5′-
AGT​GCT​TCC​TGC​CAG​ATG​AT-3′.

Determination of Mander’s coefficient
Human lung adenocarcinoma A549 cells (3.2 × 104 cells) were mixed 
with 320 nM siRNA and transfection reagent (Dharmafect I) and plated 
in triplicate in a 96-well plate (Matrical). After 48 h, plated cells were 
retransfected with 320 nM siRNA. After a further 72 h, cells were in-
fected with lentivirus coexpressing mGFP-tagged K-RasG12V and 

mCherry-CAAX, an endomembrane marker (Choy et al., 1999). Incu-
bation was continued for 24 h to allow expression of the fluorescently 
labeled proteins. Cells were then fixed with 4% PFA and imaged using 
a confocal microscope. PM mislocalization of mGFP-KRA​SG12V 
was quantified using Mander’s coefficient, to measure the fraction of 
mCherry-CAAX colocalizing with mGFP-KRA​SG12V as previously 
described (Cho et al., 2012).

Immunoprecipitation and immunoblotting
HEK-293T cells were plated on 10-cm dishes and transfected with 
Lipofectamine 3000 (Invitrogen) with plasmids directing expression 
of epitope-tagged GPR31 or RAS proteins. 20 h later, the cells were 
lysed (50 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 
50 mM NaF, and 0.1% NP-40), and the lysates were clarified by centrif-
ugation. Immunoprecipitation and Western blotting were performed as 
previously described (Kuchay et al., 2013) with GFP-conjugated aga-
rose beads (D153-8; MBL International). Direct immunoblots (without 
prior immunoprecipitation) were performed with the primary antibod-
ies (see Antibodies, plasmids, and chemicals) and detected with IRDye 
secondary antibodies (LI-COR Biosciences) that were visualized and 
quantified using an Odyssey scanner (LI-COR Biosciences).

Immunogold EM
Immunogold-labeling of basolateral PM was performed as described (Prior 
et al., 2003). Caco-2 cells transiently expressing GFP-KRA​SG12V (len-
tiviral transduction) or BHK cells stably expressing GFP-K-RASG12V 
were transfected with siRNA (Caco-2) or FLAG-tagged WT GPR31 or 
GPR31-RSRR (BHK). Intact apical PM sheets of the cells were attached to 
copper EM grids, fixed with 4% PFA and 0.1% glutaraldehyde, immuno-
labeled with 4.5 nm gold nanoparticles coupled to anti-GFP antibody, and 
embedded in uranyl acetate. PM sheets were imaged using transmission 
EM at 100,000× magnification. Numbers of gold particles were counted 
within selected 1-µm2 PM areas. At least 15 individual PM sheets were 
imaged and analyzed for each condition.

Macropinosome visualization and quantification
A549 and UM-UC-3 cells were plated onto glass coverslips, transfected 
the next day with siRNAs using Dharmafect 1 or RNAiMAX (Invitro-
gen), and examined after 72 h. Where indicated, cells were transfected 
again after 48 h using Lipofectamine 3000 (Invitrogen) with pEGFP 
empty vector or pEGFP-N1-GPR31. Macropinocytosis was quanti-
fied as previously described (Commisso et al., 2013, 2014). In brief, 
cells were serum-starved for 3 h. Macropinosomes were marked using 
a high-molecular-mass TMR-dextran uptake assay wherein TMR- 
dextran (Fina Biosolutions) was added to serum-free medium at a final 
concentration of 1 mg/ml for 30 min at 37°C. At the end of the incuba-
tion period, cells were rinsed five times in cold PBS and immediately 
fixed in 3.7% formaldehyde. Cells were DAPI-treated to stain nuclei, 
and coverslips were mounted onto slides using Dako Mounting Media. 
Images were captured using an Axiovert 200 inverted fluorescent mi-
croscope (ZEI​SS) and analyzed using the “analyze particles” feature in 
ImageJ (National Institutes of Health). The total particle area per cell 
was determined from at least five fields that were randomly selected 
from different regions across the entirety of each sample.

Antibodies, plasmids, and chemicals
The following antibodies were purchased from commercial sources: 
HA antibody (Covance), GFP antibody (D5.1; Cell Signaling Technol-
ogy), β-actin (AC-74; Sigma-Aldrich), VP16 (ab4808-100; Abcam), 
RAS (Ab-3, OP40; EMD Millipore), ERK1 (sc-94, K-23; Santa Cruz 
Biotechnology, Inc.), and β-tubulin (E7-s; Developmental Studies Hy-
bridoma Bank). GFP-agarose beads (D153-8) were from MBL Inter-
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national. pCXN2-HA-human GPR31 was obtained from J. Miyazaki 
(RIK​EN Center for Developmental Biology, Kobe, Japan; Niwa et 
al., 1991). Human GPR31 was inserted into pCGN-HA vector and 
pEGFP-N1 by standard PCR cloning. Human β2AR was inserted 
into pEGFP-N1 (β2AR-1) and was also obtained in S65TGFP vector 
(β2AR-2) from L. Barak (Duke University, Durham, NC). The mouse 
formyl peptide receptor FPR-rs2 was received in pEGFP-N1 vector 
from P. Murphy (National Institute of Allergy and Infectious Diseases, 
Bethesda, MD). The peptide sequence from rat GABA receptor 1b, 
which contains the ER localization signal RSRR (LLE​KEN​REL​EKI​
IAE​KEE​RVS​ELR​HQL​QSR​QQL​RSRR), was linked to the 3′ end 
of Flag-GPR31 (human) and cloned into pEGFP-N1. KRAS4B was 
cloned from pEGFP-C3-KRAS4B into ptdTomato-C1. FTI L-744,832 
was purchased from Enzo Life Sciences, and GGTI-2418 was provided 
by S. Sebti (Moffitt Cancer Center, Tampa, FL).

Live cell imaging
Cells were plated in 35-mm dishes with a 14-mm round cutout covered 
by a 1.5 glass coverslip (MatTek Corporation) in DMEM medium sup-
plemented with 10% FBS overnight before transfection with siRNA for 
48 h and thereafter with GFP-KRAS4B for an additional 20 h. Trans-
fection with siRNA was performed with Dharmafect 1 or RNAiMax 
(Invitrogen), and plasmid transfection with Lipofectamine 2000 or 
3000 reagents. Medium change occurred 1 h after plasmid transfection 
with fresh medium. Right before imaging cells, medium was changed 
to OptiMEM. Live cell imaging was performed with an inverted LSM 
510 META or LSM 800 microscope (ZEI​SS) equipped with ZEN 
image processing software, using a Plan-Apochromat 63× NA 1.4 oil 
objective under conditions of 37°C and 5% CO2.

Syto60 staining and MTS assay
A549, UM-UC-3, MIA-PaCa-2, HCT116, and H1437 cells were trans-
fected with siRNA on day 0 via reverse transfection using Dharmafect 
1 or RNAiMAX at a final concentration of 30 nM and plated in regular 
96-well plates for MTS assay or black 96-well plates with clear bot-
toms for Syto60 staining (Costar 3603). At indicated times, cells were 
harvested for MTS assay according to the manufacturer’s instructions 
(Promega G3580). Absorbance was measured at 490 nm. For Syto60 
staining, cells were permeabilized with 0.1% Triton X-100 in PBS, and 
nuclei were stained with a 1:5,000 dilution of Syto60 reagent (S11342; 
Thermo Fisher Scientific) before analyzing wells for red fluorescence 
with an Odyssey scanner (LI-COR Biosciences).

Gene silencing with siRNA
HeLa, A549, UM-UC-3, MIA-PaCa-2, HCT116, and H1437 cells were 
transfected with siRNA with either Dharmafect1 or RNAiMAX at 30 
nM final concentration. Dharmacon smartpool ON-TAR​GETplus siR-
NAs (GE Healthcare) were used for the following genes: GPR31 (L-
005564-00), FNTA (L-008807-00), KRAS (L-005069-00), and control 
nontargeting (D-001810-10-20). The single siRNA targeting GPR31 
from the smartpool, GPR31_6 (J-005564-06), was also used. Addi-
tional single siRNAs targeting the 3′ UTR region of GPR31 were of 
Stealth RNAi configuration (Thermo Fisher Scientific): GPR31_1492 
(U65402_1492; Thermo Fisher Scientific) and GPR31_1599 
(U65402_1599; Thermo Fisher Scientific).

Statistical analysis
For Syto60 staining and MTS assays, statistical analysis was per-
formed relative to siControl using ANO​VA with Dunnett’s post-
test. For macropinocytosis and immunogold EM assays, statistical 
analysis was performed relative to siControl or vector using un-
paired Student’s t test.

Online supplemental material
Fig. S1 shows the verification of the dual luciferase assay for measur-
ing KRAS4B membrane association. Fig. S2 shows the siRNA-induced 
mislocalization of GFP-KRAS4B. Fig. S3 confirms that siRNA knock-
down reduces GPR31 protein levels. Table S1 shows quantification of 
GFP-KRAS4B G12V siRNA-induced mislocalization from the PM.
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