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c-di-GAMP was first identified in bacteria to promote colonization, while mammalian 2'3’-cGAMP is synthesized
by cGAS to activate STING for innate immune stimulation. However, 2’3’-cGAMP function beyond innate immu-
nity remains elusive. Here, we report that 2’'3’-cGAMP promotes cell migration independent of innate immunity.
2'3’-cGAMP interactome analysis identifies the small GTPase Rab18 as a 2’3’-cGAMP binding partner and effector
in cell migration control. Mechanistically, 2'3’-cGAMP binds Rab18 to facilitate GTP loading and subsequent
Rab18 activation, which further promotes FosB transcription in facilitating cell migration. Induced synthesis of
endogenous 2’'3’-cGAMP by intrabreast tumor bacterium S. aureus infection or low-dose doxorubicin treatment
facilitates cell migration depending on the cGAS/cGAMP/Rab18/FosB signaling. We find that lovastatin induces
Rab18 deprenylation that abolishes 2'3’-cGAMP recognition therefore suppressing cell migration. Together, our
study reveals a previously unidentified 2'3’-cGAMP function in cell migration control via the 2'3’-cGAMP/Rab18/
FosB signaling that provides additional insights into clinical applications of 2'3’-cGAMP.

INTRODUCTION

Cyclic mononucleotides [such as cyclic adenosine 3’,5’-monophosphate
(cAMP)] play key roles as second messengers in bacteria and vertebrates
(1). Cyclic dinucleotides serve as bacterial secondary messengers, where
cyclic di-GMP (c-di-GMP) contributes to motility, biofilm formation,
and virulence, while cyclic di-AMP (c-di-AMP) regulates sporulation,
cell wall metabolism, and osmotic stress responses (2). A hybrid cyclic
dinucleotide [cyclic GAMP (cGAMP)] was first discovered in bacteria
to promote colonization and virulence (3) by binding an RNA ribo-
switch to promote gene expression (4). In mammals, 2'3’-cGAMP
serves as an essential signaling messenger in nonspecific immunity
(innate immunity) to defend against pathogens. Mechanistically,
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accumulation of cytosolic DNA from viral or bacterial infection, or de-
rived from damaged genome or mitochondria, activates mammalian
cGAS (cGAMP synthase) to generate 2'3’-cGAMP (5, 6). 2'3'-cGAMP
binds and activates stimulator of interferon genes (STING) on en-
doplasmic reticulum to promote type I interferon (IFN) production (7)
and expression of antiviral/immunomodulatory genes (8). Recent ther-
apies have sought to take advantage of its role in innate immunity, such
as treating autoimmune diseases by blocking cGAMP production via
cGAS inhibitors (9) or using cGAMP as an immune adjuvant to en-
hance antitumor effects of immune checkpoint blockade by stimulating
immune cell function (10).

However, physiological roles of 2'3’-cGAMP in normal and path-
ological conditions beyond innate immunity remain poorly under-
stood. Recently, in addition to STING, elongation factor 1-alpha
1 (EF1A1) was reported as another 2'3’-cGAMP downstream effector
that 2'3’-cGAMP binding to EF1A1 suppresses protein translation
(11). Given that multiple functions of non-cGAMP dinucleotides
such as c-di-AMP were identified including regulating metabolic
enzymes (12), K" homeostasis (13), osmotic homeostasis, and others
through binding to distinct effectors (14), we thought to advance our
understanding of 2'3'-cGAMP biology and function by identifying
unknown mammalian 2'3’-cGAMP binding partners.

RESULTS

Intracellular 2'3’-cGAMP promotes cell migration in vitro

We first examined whether 2'3'-cGAMP treatment affected cell be-
haviors. Although addition of 2'3’-cGAMP to the cell culture media
did not affect MDA-MB-231 cell proliferation (fig. S1, A and B), this
treatment promoted MDA-MB-231 cell migration in vitro mea-
sured by transwell assays (15, 16) that determine the number of cells
capable of migrating across a membrane support (Fig. 1, A and B,
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and fig. S1, C and D) by increasing intracellular 2'3’-cGAMP levels
(Fig. 1C and fig. S1E). 2'3’-cGAMP treatment also increased intracel-
lular 2'3’-cGAMP levels in T47D cells (fig. S1F) to promote T47D
cell migration (fig. S1, G and H) although 2'3’-cGAMP did not acti-
vate STING/interferon regulatory factor 3 (IRF3) signaling (fig. S1I).
Similarly, 2'3’-cGAMP facilitated migration of MDA-MB-453,
MDA-MB-468, and mouse embryonic fibroblast (MEF) cells
in vitro (Fig. 1, D and E). Notably, 2'3’-cGAMP alone in the absence
of fetal bovine serum (FBS) retained its ability to promote migration
of MDA-MB-231 cells (Fig. 1, F and G) and MEFs (fig. S1, ] and K).
Moreover, compared with 20% FBS as a characterized migration in-
ducer in transwell assays, 2'3'-cGAMP exerted an additive effect
to further promote FBS-driven cell migration (extended figs. S1,
L and M). Together, these data suggest that 2'3’-cGAMP may pro-
mote cell migration.

Considering that 2'3'-cGAMP is not cell permissible, we next tested
whether 2'3'-cGAMP treatment increased intracellular 2'3’-cGAMP
levels to induce cell migration. To this end, we firstly profiled protein
expression of reported 2'3’-cGAMP importers/transporters including
LRRCS8C (17, 18), SLC46A2 (19), SLC19A1 (20, 21), and the gap junc-
tion protein connexin 43 (22) and found that MDA-MB-231 cells
were deficient in SLC19A1 expression but with decent expression of
LRRCS8C and SLC46A2 (fig. SIN). We depleted both LRRC8C and
SLC46A2 by short hairpin RNAs (shRNAs; fig. S10) and found that
this led to substantially reduced 2'3'-cGAMP uptake (fig. S1P), which
subsequently attenuated 2'3’-cGAMP-triggered MDA-MB-231
cell migration (fig. S1, Q and R). These data indicate that extracel-
lular 2'3’-cGAMP was imported in MDA-MB-231 cells largely by
LRRC8 and SLC46A2, and blocking 2'3’-cGAMP uptake impairs
2'3’-cGAMP-induced MDA-MB-231 cell migration. These data sug-
gest that heightened levels of intracellular 2'3'-cGAMP likely contrib-
ute to increased cell migration.

Given that extracellular 2'3'-cGAMP is degraded by ENPP1
(ectonucleotide pyrophosphatase/phosphodiesterase 1) (23) into
GMP and AMP, and AMP is further converted to adenosine (24), a
molecule that has been reported to facilitate cell migration (25), we
further examined whether 2'3’-cGAMP induced cell migration via
adenosine signaling. We firstly treated MDA-MB-231 cells with ade-
nosine and found that, consistent with previous reports (25), adenos-
ine increased MDA-MB-231 cell migration (fig. S1, S and T). Notably,
ENPP1 inhibition by ENPP1 inhibitor 1¢ showed an additive effect in
further increasing 2'3'-cGAMP-triggered cell migration (fig. S1, U
and V) accompanied by increased intracellular 2'3’-cGAMP levels
(fig. SIW). Given that ENPP1 inhibition results in less adenosine pro-
duction, these data suggest that ENPP1 inhibition-induced cell mi-
gration is largely through increasing intracellular 2'3'-cGAMP levels
rather than adenosine accumulation. To further determine whether
adenosine and its receptor A2B (26) play roles in cGAMP-induced
cell migration, we depleted endogenous A2B in MDA-MB-231 cells
(fig. S1X) and found that this did not notably affect intracellular
2'3'-cGAMP levels upon 2'3'-cGAMP treatment (fig. S1Y) and sub-
sequent cell migration (fig. S1Z, z1). Similar observations were also
obtained from MDA-MB-468 cells (fig. S1, z2 to z5). Furthermore,
pharmacologically inhibiting A2B by MRS-1706 did not affect in-
tracellular 2'3’-cGAMP levels upon 2'3’-cGAMP treatment (fig. S1,
26 and z7) and subsequent migration of both MDA-MB-231 and
MDA-MB-468 cells (fig. S1, z8 and z9). These data collectively sup-
port that 2'3’-cGAMP promotes cell migration largely through in-
creasing intracellular 2'3’-cGAMP levels. In addition to breast cancer
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cells, we also found that 2'3’-cGAMP promoted migration of colon
cancer DLD-1 cells in vitro (fig. S1, 210 and z11).

Moreover, we used a nonhydrolysable 2'3’-cGAMP analog, 2'3'-
cGAM(PS)2 (23), and observed even nanomolar scale of 2'3’'-
cGAM(PS)2 could trigger MDA-MB-231 cell migration (Fig. 1, Q and
R). Compared with 2'3'-cGAMP, similar amount of 2'3’-cGAM(PS)2
triggered more robust MDA-MB-231 cell migration in the presence of
FBS (fig. S1, z12 and z13), which was largely due to that cells uptake
more 2'3’-cGAM(PS)2 than 2'3’-cGAMP (fig. S1z14). Considering
that the only reported extracellular 2'3’-cGAMP degrader ENPP1 (23)
is highly abundant in FBS, we further tested effects of comparable
amounts of 2'3’-cGAMP and 2'3'-cGAM(PS)2 in regulating cell mi-
gration without FBS (and with no ENPP1). To this end, we observed
that both 2'3’-cGAMP and 2'3'-cGAM(PS)2 potentiated cell migration
(fig. S1, z15 and z16) because without ENPP1-mediated extracellular
2'3’-cGAMP degradation, comparable amounts of 2'3’-cGAMP
and 2'3’-cGAM(PS)2 were uptake by cells to drive cell migration.
Together, these data reinforce the notion that intracellular 2'3'-cGAMP
promotes cell migration.

In addition to transwell assays, we also performed live-cell imag-
ing, which further confirmed that MDA-MB-231 cells treated with
2'3'-cGAMP displayed enhanced cell movements (fig. S2, O to Q,
and movies S1 and S2). Notably, information for all key reagents
used in this study is summarized in Table 1.

2'3’-cGAMP promotes cell migration in vitro

independent of STING

Considering that 2'3’-cGAMP binds STING to activate innate im-
munity, we next examined whether STING mediates 2'3'-cGAMP-
induced cell migration. Depletion of STING in MDA-MB-231 cells
by shRNAs (Fig. 1H) or single guide RNAs (sgRNAs; fig. S2A) had
minimal effects on 2'3’-cGAMP-triggered cell migration either in the
presence (Fig. 1,1 and J) or absence of FBS (fig. S2, B to D). These data
suggest that 2'3’-cGAMP promotes MDA-MB-231 cell migration inde-
pendent of STING. Consistently, 2'3'-cGAMP also induced migration
of MDA-MB-231 cells expressing a STING-R238A mutant [deficient
in binding 2'3’-cGAMP (27)] to a comparable level as cells expressing
STING-wild type (WT) (fig. S2, E to G). In addition, inactivating
STING via H-151, a STING antagonist that disrupts STING palmi-
toylation, also showed negligible effects on 2'3’-cGAMP-induced
MDA-MB-231 cell migration (fig. S2, H and I). On the other hand,
activating STING in MEFs with a mouse STING-specific agonist
DMXAA (fig. S2J) suppressed MEFs migration in vitro (fig. S2, K
to N), suggesting that STING activation may suppress cell migration.
Together, these data cumulatively suggest that 2'3'-cGAMP promotes
cell migration in a STING-independent manner.

To further test whether 2'3’-cGAMP induces migration of multiple
cell types and its dependence on STING/IRF3 innate immune signal-
ing in these settings, we generated cGAS-depleted, STING-depleted, or
IRF3-depleted MDA-MB-231, HeLa, BPHI1, A498, and RCC10 cells.
In all cells we examined, we observed that 2'3’-cGAMP treatment sub-
stantially increased cell migration (by live-cell imaging coupled quan-
tification of migration) regardless of cGAS, STING, or IRF3 (fig. S2, R
to z10). In addition, we also performed independent transwell assays to
confirm observations using live-cell imaging that 2'3’-cGAMP pro-
moted A498 cell migration independent of cGAS, STING, or IRF3
(fig. S2z11). These data further support the notion that 2'3’-cGAMP
facilitates multiple types of cell migration in vitro independent of
the canonical cGAS/STING/IRF3 innate immune signaling.
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Fig. 1. 2'3’-cGAMP treatment promotes cell migration independent of STING. (A, B, F, G, 1, J, O, P, Q, and R) Representative images of transwell assays using indicated
numbers of indicated MDA-MB-231 cells under indicated conditions for 24 hours. Triplicates of (A), (F), (I), (Q), and (P) are quantified in (B), (G), (J), (P), and (R). Error bars
were calculated as mean + SD, n = 3 biological replicates. *P < 0.05 [one-way analysis of variance (ANOVA) test]. Where indicated, the amount of 2'3’-cGAMP is used in
300 pl of serum-free media in transwells. (C) 2'3’-cGAMP enzyme-linked immunosorbent assays (ELISAs) using 2 u 10° MDA-MB-231 cells from (A). (D and E) Representa-
tive images of transwell assays using 3 x 10* of indicated cells under indicated conditions for 24 hours and quantified in (E). Error bars were calculated as mean + SD,n =3
biological replicates. *P < 0.05 (one-way ANOVA test). Where indicated, 2.5 pg of 2'3’-cGAMP is used in 300 pl of serum-free media in transwells. (H) Immunoblot (IB)
analysis of whole cell lysates (WCL) derived from indicated MDA-MB-231 cells. MDA-MB-231 cells were infected with either shscramble or shSTING viruses and selected in
puromycin (1Tromyci to eliminate noninfected cells for 72 hours before cell collection. (K) 2'3'-cGAMP ELISA measurements using 10%indicated cells. (L and M) Represen-
tative images of transwell assays using 3 a 10* indicated cells treated with 10 M G140 for 24 hours and quantified in (M). Error bars were calculated as mean + SD, n = 3.
#P < 0.05 (one-way ANOVA test). (N) 2'3'-cGAMP ELISA measurements using 2 x 10° MDA-MB-231 cells treated with indicated doses of Dox for 24 hours. DMSO, dimethyl
sulfoxide; ns, not significant.
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Table 1. Key reagents used in this study. ATCC, American Type Culture Collection.

Reagent

Vendor

Catalog number

Antlbodles

Ant| HA Tag antlbody
Ant| FosB antlbody

CellSignaling Technology

Cell S|gnal|ng Technology

Catalog no. 2251

Catalog no. 3724

Ant| TBK1 antlbody
Ant| STING antlbody (1 3647)
Ant| phospho STING (Ser356) antlbody

: Antl IRF3 antlbody

WAntl phospho IRF3 (Ser386) antlbody

Ant| cGAS antlbody
" Anticp phospho h|stoné H2AX (Ser'”) S
" Antic GST-tag antlbody S
e Rab18ant|body OO
WAntl -E-cadherin antlbody

Cell Slgnalmg Technology
HWCeII Slgnahng Technology‘HWWWWW S
mCeII Slgnallng Technology‘HWWWWW S

'CeII Slgnallng Technology‘HWWWWW S
WCeII Signaling Technology‘HWWWWW e

Cell Signaling TeChnology

Cell S|gnal|ng Technology

Santa Cruz B|otechno|ogymWWWW“W S
HSanta Cruz B|otechnologymWWWW“W R

S Catalog no. sc- 212791

Santa Cruz Blotechnology

WCatang no 51872 S

Catalog no 13647“““ S
Catalog no 50907“““ S
L
e

Catalog no. sc- 459

Catalog no. 83623 -
Catalog no. 9718

Catalog no SC 393169‘ S

Antl SLUG antlbody

WAntl MITF antlbody

. Ant, SNA|1 antlbOdy....wm,. OO

Ant| SPARC antlbody
Ant| TIMP1 antlbody

Santa Cruz Biotechnology R

Santa Cruz Biotechnology
Santa Cruz Biotechnology

Santa Cruz Biotechnology

Catalog no. sc- 398419

Catalog no.sc-166476
Santa Cruz Biotechnology Catalog no. sc- 515925
Catalog no. sc- 271977

Catalog no. sc- 365905

Ant| -mouse IgG HRP Imked antlbody (7076) o
“”Polyclonal ant| Flag antlbody o
WMonocIonaI ant| Flag ant|body R
WMonocIonaI ant| tubulln antlbody D

Cell Signaling Technology

Sigma»AIdrich
Slgma Aldl’ICh
Slgma AIdrlch

Catalog no. 7076

Catalog no F7425 R

Catalog no. F 3165

chatabg - T 5168 R

Ant| LRRCSC antlbody

Ant| SLC1 9A1 antlbody
Protelntech

: Ant| conneX|n43
Ant| FAK
Ant| SLC46A2

Proteintech o
. e N'Catalog o, 25958 1 AP
'Catalog no. 26980 1 AP S
Catalog no. 12636 l AP S

Catalog no.Als494

Protel ntech

Prote| ntech

ABclonal

Catalog no. 21601-1. AP

Nucleotlde stlmulants
ISDQO

 Poly(iC)

Eurofins Genomics

~ sigma-Aldrich

Transfect|on reagents and ant|b|ot|cs

Polyethylemmlne
Blasticidin

Puromycin

S|gma Aldrlch

FISheI’ BloReagents S

Polysoences Inc

5 TACAGATCTACTAGTGATCTATGACTGATCTG TACATGATCTACAT-
_ ACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3"
Catalog no. P153O

Catalog no. 23866 1 S

Catalog no 15205 S

Catalog no. 58 58 2

(Continued)
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(Continued)

Reagent Vendor

Catalog number

Experimental models: Cell lines

ATCC

Softwareandalgonthms .2

GraphPad Pnsm 8 L
bther
Nea.s.y '

|Scr|p ReverseTranscnptlon Supermlx for qRT PCR Bio-Rad
Taq umversal SYBR  green supermlx
Protease |nh|b|tor cocktall

Atorvastatin
Doxorublcm
Blotln 2 3’ cGAMP

WGTP solut|on USSR
WActle Desthloblotm GTP probe D
::CompoundC

B|oLOG

InvwoGen

Mlllpore
Neutrawdm agarose beads

i
e TREREE
s

TCl

Thermo Fisher Scientific

MCE

Furthermore, we found that only 2'3’-cGAMP, but not other
linkages of c-di-GAMP including 3'2'-cGAMP or 3'3’-cGAMP, po-
tentiated MDA-MB-231 cell migration in vitro (fig. S3, A and B),
although 3'3’-cGAMP could also be efficiently uptake by cells (fig.
S3C). We next evaluated whether altering endogenous 2'3’-cGAMP
levels affected cell migration. To this end, we observed a relatively
higher level of endogenous 2'3’-cGAMP in MDA-MB-231 and
HCC1937 cells (Fig. 1K). Inhibiting cGAS activity, therefore reduc-
ing endogenous cGAMP levels (fig. S3D) and subsequent canonical
innate immune signaling (fig. S3E), by a characterized cGAS small-
molecule catalytic inhibitor G140 (28), reduced migration of either of

Deng et al., Sci. Adv. 10, eado7024 (2024) 16 October 2024

ATCC

e ATCC
ATCC

Q Zhang (UT Southwestern)

! Zhang (UT Southwestern)
amania (UNC)

B|o Rad SO
Blmake
Fisher BioReagents
BioLOG
BioLOG
APExB|o' B
Thermo Flsher SC|ent|ﬁc
Thermo Flsher Saentlﬁc

AdlpoGen

Thermb Fisher Sdentlﬁc‘HWWHW”W

Sigma-Aldrich

AATBioquest

Catalog no. 17105

these two cell lines (Fig. 1, L and M). In addition, G140 treatment did
not affect MDA-MB-231-cGAS-KO (knockout) cell migration (fig. S3,
F and G) but retained its ability to suppress MDA-MB-231-STING-KO
cell migration (fig. S3, H and I), further suggesting that 2'3'-cGAMP
regulates cell migration independent of STING. On the other hand,
increasing endogenous 2'3’-cGAMP levels via stimulation by ISD90
(an IFN stimulatory DNA fragment from Listeria monocytogenes
used to mimic DNA viral infection; fig. S3]) promoted migration of
WT (fig. S3, K to N) and STING-KO MDA-MB-231 cells (fig. S3, O
to R). In addition, treatment of MDA-MB-231 cells with chemo-
therapeutic agents, such as low-dose doxorubicin (Dox), triggered
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DNA damage (evidenced by increased g-H2Ax foci; fig. S3, S and T)
to facilitate cGAS micronuclei recruitment (fig. S3, U and V). This
led to cGAS activation and subsequent 2'3’-cGAMP production in
cells (Fig. 1IN and fig. S3W), which were correlated with increased
migration of MDA-MB-231 cells in vitro (Fig. 1, O and P) regardless
of STING (fig. S3, X and Y).

Other than STING, the other known 2'3’-cGAMP binding
partner is EF1A1, where 2'3’-cGAMP binds and suppresses EF1A1
guanosine triphosphatase (GTPase) activity (29). Depletion of
EF1A1 by sgRNAs (fig. S3Z) did not affect 2'3’-cGAMP-induced
migration of MDA-MB-231 cells (fig. S3, z1 and z2). These data
suggest that 2'3’-cGAMP is unlikely to promote cell migration
through EF1A1.

2'3’-cGAMP interactome identifies the GTPase Rab18 as a
binding partner

To find the potential 2'3’-cGAMP effector(s) involved in cell migra-
tion control other than STING and EF1A1, we performed a biotin-
2'3’-cGAMP pull-down-coupled proteomic analysis (Fig. 2A). We
chose c[G(2',5")p-2'-Biotin-16-A(3',5")p] as the probe largely because
structural analysis of 2'3’-cGAMP binding to STING shows that
both GMP and AMP moieties are involved in STING interac-
tions [Protein Data Bank (PDB): 4LOH]. We validated c[G(2',5")
p-2’-Biotin-16-A(3’,5")p] as a suitable bait as it could pull down en-
dogenous STING from THP1 cell lysates and label-free 2'3'-cGAMP
competed with c[G(2’,5")p-2'-Biotin-16-A(3',5")p] to bind STING
(fig. S4A). We chose THP1 monocytes largely because they are com-
monly used for cGAS/cGAMP/STING signaling studies with an intact
DNA sensing pathway where STING is served as a suitable positive
control. c[G(2',5")p-2'-Biotin-16-A(3’,5")p] pull-downs from THP1
monocytes showed enrichment of unknown proteins (fig. S4B), and
mass spectrometry analysis identified 225 unknown 2'3’-cGAMP
binding partners with a log, fold change value larger than 1.5. Pathway
analysis of the 225 binging partners by metascape.org showed an en-
richment for pathways involving neutrophil degranulation, regulation
of GTPase activity, and others (fig. S4, C and D). Considering that
GTPases such as Rho and Rac have been tightly connected with cell mo-
tility control (30), the group of GTPases/guanine nucleotide exchange
factors (GEFs)/GTPase activating proteins (GAPs) drew our attention
(Fig. 2C). We hypothesized that 2'3’-cGAMP might regulate certain
GTPase(s) to promote cell migration. We recognize that this approach
does not rank candidates based on cGAMP binding affinity and is af-
fected by stoichiometry and cellular localization of each protein. Thus,
it provides a reference for us to further select true cGAMP bind-
ing proteins.

To determine the identity(ies) of the potential 2'3’-cGAMP binding
GTPase(s) facilitating cell migration, we depleted most of the GTPases,
GEFs, and GAPs from the proteomic analysis (Fig. 2C) by two to three
independent shRNAs. In particular, we found that depletion of the
GTPase Rab18 consistently suppressed MDA-MB-231 cell migra-
tion triggered by 2'3’-cGAMP in vitro by all three shRNAs (Fig. 2, D
and E). Although depletion of GAPVDI1, GDI2, or ARHGE2 also
reduced 2'3'-cGAMP-induced cell migration, we did not focus
on these targets since migration suppression caused by Rabl8
depletion was more marked. Notably, Rab18 depletion (Fig. 2F) did
not reduce MDA-MB-231 cell growth (fig. S4, E and F) but attenu-
ated 2'3’-cGAMP-induced cell migration (Fig. 2, G and H, and fig.
$4, G and H). Supporting a STING-independent 2'3'-cGAMP func-
tion in promoting cell migration, depletion of STING did not notably
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reduce 2'3’-cGAMP-triggered MDA-MB-231 cell migration, while
additional depletion of Rab18 reduced 2'3’-cGAMP-induced cell
migration (Fig. 2, I to K). Notably, Rab18 depletion did not nota-
bly affect MDA-MB-231 cell migration driven by 10% FBS (fig. $4, I
and]), supporting a specificity for Rab18 in mediating 2'3'-cGAMP-
triggered cell migration. Together, these data suggest that Rab18
mediates 2'3’-cGAMP-controlled cell migratory ability.

Characterization of 2'3’-cGAMP binding to Rab18

Next, we characterized how 2'3’-cGAMP binds and regulates Rab18.
We found that biotin-2'3’-cGAMP interacted with bacterially puri-
fied glutathione S-transferase (GST)-Rab18 recombinant proteins
(Fig. 3A) with a dissociation constant (Kj) of ~0.3 mM (fig. S5, A and
B), and GST-tag removed Rab18 proteins in vitro (Fig. 3B), support-
ing a direct binding between 2’3’-cGAMP and Rab18. Furthermore,
endogenous Rab18 immunoprecipitated endogenous 2'3'-cGAMP
in MDA-MB-231 cells (Fig. 3C) like STING (fig. S5C). We also ob-
served that biotin-2'3’-cGAMP pulled down endogenous Rab18
or STING proteins from either MDA-MB-231 cells (Fig. 3D) or
MEFs (fig. S5D). Moreover, biotin-cAMP failed to pull down GST-
Rab18 proteins where biotin-cGAMP could (fig. S5E). In addition,
biotin-2'3'-cGAMP specifically pulled down endogenous Rab18 but
not its close small GTPase family members Rab27A or Rab3 (fig. S5F).
To determine the critical residues in Rab18 mediating 2'3'-cGAMP
binding, using various bioinformatic tools including Prankweb based
on a solved crystal structure of Rab18 binding to Gppnhp [nondegrad-
able guanosine triphosphate (GTP)] (PDB: 1x3s), we generated a simu-
lated structure of Rab18 binding to 2'3'-cGAMP (Fig. 3E and fig. S5G).
This led to identification of two potential 2'3'-cGAMP binding pockets
including pocket 1 partially overlapped with GTP binding motif (fig.
S5H) and an uncharacterized pocket 2 (fig. S5I). A pocket 3 was
selected as a negative control with a calculated binding energy of
—30.8 kCal/mol (fig. S5]). Given that the binding energy in pocket
1 (—44.6 kCal/mol) and pocket 2 (—42.2 kCal/mol) are similar and are
both much lower than in pocket 3 (the negative control), this indicates
that cGAMP may bind either pocket 1 or pocket 2. 2'3'-cGAMP
binding to pocket 1 would compete with GTP loading to Rab18;
thus, we next examined whether 2'3’-cGAMP binding to Rab18 sup-
presses Rab18 GTPase activity in vitro. We purified GST-Rab18 re-
combinant proteins from bacteria (fig. S5K) and found that these Rab18
proteins were loaded with low amounts of GTP/guanosine diphos-
phate (fig. S5L). GST-Rabl18 proteins could pull down endogenous
2'3'-cGAMP but not 3'3’-cGAMP from MDA-MB-231 cells (fig.
S5M). GTP addition could further activate Rab18 in an in vitro GTPase
assay (Fig. 3F). Furthermore, we observed that 2'3’-cGAMP alone
failed to activate Rab18 GTPase, but 2'3’-cGAMP further facili-
tated GTP-induced Rabl8 activation at either lower (Fig. 3G) or
higher GTP concentrations (Fig. 3H). Moreover, GTP addition
did not notably affect biotin-2'3’-cGAMP binding to GST-Rab18
recombinant proteins in vitro (Fig. 3I), suggesting that GTP binding
does not affect 2'3’-cGAMP binding to Rab18. In echoing these find-
ings, 2'3'-cGAMP exerted a synergy with GTP in promoting
MDA-MB-231 cell migration (fig. S5, N and O). Together, these data
suggest that 2'3’-cGAMP does not compete with GTP for Rab18
binding, rather 2'3’-cGAMP synergizes with GTP to activate Rab18.
This is further supported by identifying the allosteric pathways
between these two binding pockets (Fig. 3] and fig. S5P) using Ohm
(https://dokhlab.med.psu.edu/ohm), a previously developed algo-

rithm to analyze allosteric communication networks within proteins
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Fig. 2. 2'3’-cGAMP binds Rab18 to promote cell migration. (A) A cartoon illustration of the pipeline for the chemical-proteomic approaches to identify 2'3’-cGAMP
binding partners. This model image is generated using BioRender. (B) A volcano plot from (A) showing significantly enriched (log; fold change equals or larger than 1.5)
2'3’-cGAMP binding proteins. (C) A list of GTPases, GEFs, and GAPs from (B). (D and E) Representative images of transwell assays using 3 x 10* indicated MDA-MB-231 cells
under indicated conditions for 24 hours. Where indicated, MDA-MB-231 cells were infected with indicated shRNA viruses and selected in puromycin (1romyci to eliminate
noninfected cells for 72 hours before cell collection. Transwell assays data are quantified in (E). Where indicated, 2.5 g of 2’3’-cGAMP is used in 300 liters of serum-free
media in transwells. (F) IB analysis of WCL derived from indicated MDA-MB-231 cells. (G and H) Representative images of transwell assays using 3 x 10° indicated MDA-
MB-231 cells treated with 2.5 g of 2’3’-cGAMP (in 300 liters of serum-free media in transwells) for 24 hours. Error bars were calculated as mean + SD, n = 3 biological rep-
licates. *P < 0.05 (one-way ANOVA test). (I) IB analysis of WCL derived from indicated MDA-MB-231 cells. (J and K) Representative images of transwell assays using 3 x 10*
indicated MDA-MB-231 cells under indicated conditions for 24 hours and quantified in (K). Error bars were calculated as mean + SD, n = 3 biological replicates. *P < 0.05
(one-way ANOVA test). Where indicated, 2.5 g of 2’3’-cGAMP is used in 300 liters of serum-free media in transwells.
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Fig. 3. 2’3’-cGAMP binds Rab18-E68, R69, R71, and K98 residues to facilitate Rab18 activation. (A and B) Immunoblot (IB) analysis of biotin-2'3’-cGAMP and biotin-
GTP pull-downs using bacterially purified GST-Rab18 (A) or tag-free Rab18 (B) proteins. (C) 2'3'-cGAMP ELISA analysis of endogenous Rab18-IPs (immunoprecipitations)
using MDA-MB-231 lysates. (D) IB analysis of biotin-2'3'-cGAMP pull-downs from MDA-MB-231 whole cell lysates (WCL). (E) An illustration of a simulated 2'3’-cGAMP/
Rab18 complex structure by MedusaDock, and interacting Rab18 residues were identified by Prankweb. (F to H, M, and N) In vitro Rab18 GTPases activity assays using
bacterially purified GST-Rab18 proteins under indicated conditions. Error bars were calculated as mean =+ SD, n = 6 biological replicates. *P < 0.05 (one-way ANOVA test).
(1) IB analysis of biotin-2"3’-cGAMP pull-downs using GST-Rab18 proteins with GTP. The cartoon illustration is generated using BioRender. (J) An illustration of Rab18 resi-
dues interacting with 2'3’-cGAMP from the structural simulation by Prankweb. (K and L) IB analyses of biotin-2'3’-cGAMP (K) or biotin-GTP (L) pull-downs using indicated
GST-Rab18 proteins. (O) In vitro Rab18 GTPases activity assays by incubating indicated GST-Rab18 proteins with or without 2'3’-cGAMP for indicated periods. (P) IB analy-
sis of WCL derived from indicated MDA-MB-231 cells. EV, empty vector control. (Q and R) Representative images of transwell assays using indicated numbers of indicated
MDA-MB-231 cells under indicated conditions for 24 hours. Error bars were calculated as mean + SD, n = 3 biological replicates. *P < 0.05 (one-way ANOVA test). Where
indicated, 2.5 pg of 2'3’-cGAMP is used in 300 liters of serum-free media in transwells.

Deng et al., Sci. Adv. 10, eado7024 (2024) 16 October 2024 8 of 22



SCIENCE ADVANCES | RESEARCH ARTICLE

aimed to identify critical coupled residues for experimental testing or
drug development (31).

Next, we tested whether pocket 2 mutations (Fig. 3J; including K98,
E68, R69, and R71) impair Rab18 binding to 2'3’-cGAMP and attenu-
ate 2'3'-cGAMP-aided Rabl8 activation. We first purified GST-
Rab18-K98E and E68R recombinant proteins (fig. S6A). Compared
with GST-Rab18-WT proteins, Rab18-E68R and, to a higher extent,
K98E proteins were deficient in binding biotin-2'3’-cGAMP in vitro
(Fig. 3K). On the other hand, these two mutants showed a comparable
binding affinity with biotin-GTP under the same experiment condi-
tions (Fig. 3L). These data support the notion that both E68 and K98
residues may be directly involved in 2'3’-cGAMP binding. Given that
the K98E mutant displays a more severe deficiency in binding biotin-
cGAMP, we will focus on this mutant in the remainder of the study
to dissect effects of Rab18 deficiency in binding 2'3’-cGAMP but
not GTP. Consistent with this finding, we observed that in in vitro
GTPase assays, GTP induced comparable activation of both GST-
Rab18-WT and GST-Rab18-E98K proteins (Fig. 3M); however, unlike
GST-Rab18-WT, 2'3'-cGAMP failed to further induce GST-Rab18-
E98K activation (Fig. 3, N and O, and fig. S6B). We further reexpressed
WT- and various 2'3’-cGAMP binding-deficient Rab18-K98E or
E68R mutants in Rab18-depleted MDA-MB-231 cells (Fig. 3P) and
found that 2'3’-cGAMP triggered migration of MDA-MB-231 cells
expressing WT-Rab18 but not K98E nor E68R-Rab18 (Fig. 3, Q and
R). On the other hand, unlike GST-Rab18-WT, GTP addition failed to
activate GST-Rab18-S17A (pocket 1 mutation deficient in binding
GTP) GTPases in vitro (fig. S6, C and D). As a result, expressing the
Rab18-S17A mutant in endogenous Rab18-depleted MDA-MB-231
cells (fig. S6E) failed to respond to 2'3’-cGAMP-induced cell migra-
tion (fig. S6F). This was largely due to that Rab18-S17A mutant al-
though bound 2'3'-cGAMBP, it was deficient in GTP binding (fig. S6G).
Together, these data support the notion that 2'3’-cGAMP promotes
MDA-MB-231 cell migration largely through binding Rab18 pocket 2
including K98 and E68 residues. Notably, expressing 2'3'-cGAMP
binding-deficient K98E- or E68R-Rab18 mutants did not notably
affect unstimulated cell growth (fig. S6, H and I), cellular distribu-
tion of Rab18 (fig. S6]), or lipid droplet formation by Rab18 in cells
(fig. S6K), excluding the possibility that attenuated cell migration
observed in Rab18 mutants deficient in binding 2'3’-cGAMP is caused
by deregulated Rab18 function in growth or lipid droplet formation.

In addition, we also similarly simulated 3'2"-cGAMP or 3'3’-cGAMP
binding to Rab18 (fig. S6, L to N). Unlike 2'3’-cGAMBP, the outward-
facing guanine in 3'2’-cGAMP did not interact with R69, and both ad-
enine and guanine were facing inward in 3'3’-cGAMP, lacking
interactions with R69 (fig. S6, M to O). Thus, in both Rab18 pockets 1
and 2, 2'3’-cGAMP exerted the highest binding affinity (evidenced by
the lowest binding energy) compared to 3'2'-cGAMP or 3'3’-cGAMP
(fig. S6P). These data provide further mechanistic insights for the spec-
ificity of 2'3’-cGAMP but not other linkages of cGAMP in binding and
regulating Rab18.

RNA-seq analysis identifies FosB as a downstream effector
mediating 2'3’-cGAMP/Rab18 signaling in cell

migration control

We next examined downstream effectors mediating 2'3'-cGAMP/
Rab18 signaling that promote cell migration. Rab18 has been reported
to regulate focal adhesion dynamics by chemotaxis in U20S cells (32).
We found that in MDA-MB-231 cells, 2'3’-cGAMP treatment did
not affect FAK-pY397 signals (fig. S7A) nor regulated focal adhesion
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dynamics (fig. S7B), suggesting that reported Rab18 regulation on focal
adhesion may not be a major signaling through which 2'3’-cGAMP/
Rab18 promotes MDA-MB-231 cell migration. Notably, we pretreated
MDA-MB-231 cells with 2'3’-cGAMP and observed a robust effect in
inducing cell migration (fig. S7, C to F). Thus, we thought that
2'3’-cGAMP-induced Rab18 activation may function through regulat-
ing certain transcriptional programs to control cell migration. RNA se-
quencing (RNA-seq) analyses of THP1"™"~'~ monocytes treated with
2'3'-cGAMP compared to untreated control yielded only 13 genes with
statistically significant changes (11 up and 2 down; table S1). Notably,
unlike 2'3’-cGAMP, neither 3'3’-cGAMP nor 3'2'-cGAMP could pro-
mote expression of these genes (fig. S7G). Among these 11 up-regulated
genes, NAB2 (33), FosB (34), C3AR1 (35), and LIMA1 (36) have been
associated with cell migration (Fig. 4A). We thus examined mRNA
changes of these targets in MDA-MB-231 cells upon 2'3’-cGAMP stim-
ulation by quantitative reverse transcription polymerase chain reaction
(qRT-PCR) and observed that 2'3'-cGAMP substantially increased
mRNA levels of FosB and, to a lesser extent, C3AR1 (Fig. 4B). Further-
more, we performed RT* Profiler PCR arrays in MDA-MB-231-
ShSTING (STING-depleted) cells treated with or without 2'3’-cGAMP
and found that 2'3’-cGAMP addition also increased FosB mRNA ex-
pression (Fig. 4C). Treatment of MDA-MB-231 cells with 2'3’-cGAMP
induced FosB protein expression but not other characterized migration
promoting proteins such as SLUG, Moesin, melanocyte inducing tran-
scription factor (MITF), or E-cadherin (Fig. 4D). Increased FosB
expression by 2'3’-cGAMP stimulation was also observed in
MDA-MB-231-sgSTING (fig. S7H), MEFs (fig. S71), and STING-
depleted MEFs (fig. S7]) to promote cell migration (fig. S7, K and L).
Unlike 2'3’-cGAMP, adenosine addition did not induce FosB expres-
sion (fig. S7M), nor inhibiting adenosine receptor A2B by MRS-1706
affected FosB expression (fig. S7N). Moreover, 2'3’-cGAMP-induced
FosB expression depended on Rab18 (Fig. 4E and fig. S70). Compared
with WT-Rab18 expressing MDA-MB-231 cells, 2'3'-cGAMP failed to
induce FosB2 expression in K98E or E68R-Rab18 expressing cells
(Fig. 4F). These data suggest that 2'3'-cGAMP/Rab18 signaling may
induce FosB expression in cell migration control. Furthermore, deple-
tion of endogenous FosB in MDA-MB-231 cells (Fig. 4G) reduced cell
migration triggered by 2'3'-cGAMP (Fig. 4, H and I). Notably, FosB2 is
the major isoform expressed in MDA-MB-231 cells, and reexpressing
FosB2 in FosB-depleted cells (fig. S7P) largely rescued 2'3’-cGAMP-
induced cell migration (fig. S7, Q and R). Thus, in this study, we focus on
the FosB2 isoform. Notably, 2'3’-cGAMP treatment increased intracel-
lular 2'3’-cGAMP levels within 0.5 hours (fig. S7S), induced FosB
transcription within 1 hour (fig. S7T), and subsequently facilitated FosB
protein expression at later time points (fig. S7U), revealing a signaling
cascade (fig. S7V). Eventually, 2'3’-cGAMP treatment drove FosB nu-
clear enrichment (fig. S7W) to presumably facilitate its transcriptional
function. In addition to breast cancer cells, 2'3’-cGAMP treatment also
increased FosB expression in colon cancer DLD-1 cells (fig. S7X). Cu-
mulatively, these data indicate that 2'3’-cGAMP/Rab18 signaling pro-
motes cell migration largely through inducing FosB transcription.
Increasing endogenous 2'3’-cGAMP levels by low-dose Dox
(fig. S3E) also increased FosB expression in MDA-MB-231 (Fig. 4]
and fig. S7Y) and MCF-7 cells (fig. S7Z). Dox-induced FosB tran-
scription (fig. S7z1) depended on cGAS (as Dox induces cGAS activa-
tion and thus 2'3’-cGAMP production; fig. S7z2) and Rab18 (Fig. 4K
and fig. S7z3). Therefore, either loss of cGAS (fig. S7z4), depletion of
Rab18 (Fig. 4L and fig. S7z5), expressing various Rab18 mutants
deficient in binding 2'3’-cGAMP (Fig. 4, M and N), or depletion of
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selected in puromycin (1romyci to eliminate noninfected cells for 72 hours before cell collection. (H and I) Representative images of transwell assays using 3 x 10* control
or FosB-depleted MDA-MB-231 cells treated with indicated doses of 2'3'-cGAMP for 24 hours. Error bars were calculated as mean + SD, n = 3 biological replicates.
*P < 0.05 (one-way ANOVA test). Where indicated, 2.5 g of 2'3’-cGAMP is used in 300 liters of serum-free media in transwells. (J and K) IB analysis of WCL derived from
indicated MDA-MB-231 cells treated with indicated doses of Dox for 24 hours before cell collection. (L) Quantifications of transwell assays using indicated numbers of
control or FosB-depleted MDA-MB-231 cells treated with indicated doses of Dox for 24 hours. Error bars were calculated as mean + SD, n = 3 biological replicates. *P < 0.05
(one-way ANOVA test). (M and N) Representative images of transwell assays using indicated cells under indicated conditions for 24 hours (M) and quantified in (N). Error
bars were calculated as mean + SD, n = 3 biological replicates. *P < 0.05 (one-way ANOVA test).

10 of 22

Deng et al., Sci. Adv. 10, eado7024 (2024) 16 October 2024



SCIENCE ADVANCES | RESEARCH ARTICLE

FosB (fig. S7, z6 and z7) led to attenuation of Dox-induced MDA-
MB-231 cell migration.

Intratumor bacterium S. aureus infection induces
2'3’-cGAMP synthesis in cells to facilitate cell migration
Recently, intratumor bacteria were identified and characterized (37) to
promote metastatic colonization (38). Considering intracellular mi-
crobiome triggers cGAS activation to induce synthesis of endogenous
2'3'-cGAMP (39), we thought to investigate whether intratumor bac-
terial infection facilitates cell migration through the 2'3'-cGAMP/
Rab18/FosB signaling. To this end, we chose Staphylococcus aureus, a
human pathogenic bacterial species found in human breast tumors
(37). Coculture of S. aureus with MDA-MB-231 cells in vitro led to
intracellular retention of S. aureus (fig. S8A). This induced cGAS/
STING pathway activation as evidenced by increased IRF3-pS396
and STING-pS366 signals (Fig. 5A), largely through promoting
2'3'-cGAMP synthesis in cells (Fig. 5B and fig. S8B). Incubating
MDA-MB-231 cells with S. aureus substantially increased cell migra-
tion ability (Fig. 5, C and D, and fig. S8C). To further eliminate effects
of extracellular S. aureus in this assay, gentamycin and ampicillin alone
or in combination were used to specifically remove extracellular but
not intracellular S. aureus in this coculture model. Consistent with a
previous report (38), either treatment efficiently removed extracellular
S. aureus (Fig. 5E) but retained the ability of cytosolic S. aureus in trig-
gering cGAS activation evidenced by increased IRF3-pS396 signals
presumably through 2'3’-cGAMP synthesis (Fig. 5F). In addition, we
found that S. aureus infection promoted control but not cGAS-deleted
MDA-MB-231 cell migration (fig. S8, D and E), as well as STING de-
pletion did not affect S. aureus infection-induced cell migration (fig.
S8, F and G), further supporting the dependence of S. aureus infection
on cGAS/2'3’-cGAMP signaling in cell migration control. We ob-
served that depletion of either Rab18 (Fig. 5, G and H) or FosB (Fig. 5,
I and J) largely abolished S. aureus infection-induced MDA-MB-231
cell migration. This is consistent with our observation that intracellu-
lar S. aureus infection induced FosB expression in a Rab18-dependent
manner (Fig. 5K) to facilitate cell migration. Moreover, in a tail vein
injection murine model, we confirmed that S. aureus-infected MDA-
MB-231 cells exerted enhanced migratory ability to mouse lungs, and
depletion of Rab18 attenuated this effect (Fig. 6, A to C, and fig. S8, G
and I). No significant mouse body weight differences were observed
among these groups (fig. S8]), and no sign of S. aureus infection was
observed (such as reported eye and skin infection). Together, these
data suggest that breast tumor residing bacterium S. aureus may facili-
tate breast cancer metastasis partially through activating our identified
2'3’-cGAMP/Rab18/FosB signaling.

HSV-1 infection-induced 2'3'-cGAMP production facilitates
cell migration

Given that the canonical cGAS function is to serve as a cytosolic
DNA sensor to activate innate immunity in responding to DNA
viral infection by synthesizing 2'3’-cGAMP, to further investigate
whether DNA viral infection induced 2'3’-cGAMP facilitates cell
migration, we collected supernatants from herpes simplex virus 1
(HSV-1)-infected MDA-MB-231 cells that presumably containing
2'3'-cGAMP and found that these supernatants induced MDA-
MB-231 cell migration (Fig. 6D). To further reveal whether HSV-1
infection-induced 2'3’-cGAMP plays a role in this process, before
HSV-1 infection, we treated MDA-MB-231 cells with cGAS inhibi-
tor G140 and found that supernatants from these cGAS-inhibited

Deng et al., Sci. Adv. 10, eado7024 (2024) 16 October 2024

cells were deficient in driving cell migration compared with control
supernatants (Fig. 6, E and F). These data suggest that upon DNA
viral infection conditions, tumor cell synthesized that 2'3’-cGAMP
might be able to drive tumor metastasis; however, further in-depth
investigations are warranted to use animal models to examine this
hypothesis more rigorously.

Rab18 deprenylation by statins inhibits 2'3'-cGAMP
recognition and cell migration

In addition to chemotherapeutic agents like Dox that trigger DNA
damage and 2'3’-cGAMP production, other agents such as lovas-
tatin were also reported to induce 2'3’-cGAMP production and
STING activation in colon cancer in a small heterodimer partner
2-dependent manner (40). In MDA-MB-231 cells, unlike in colon
cancer (40), treatment with lovastatin did not notably induce DNA
damage (fig. S9A) but rather caused a marked Rab18 mobility shift
in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in a lovas-
tatin dose—dependent (Fig. 7A and fig. S9B) but cGAS-independent
manner (fig. S9, C and D). Other statins such as atorvastatin also
induced a Rab18 mobility shift in MDA-MB-231 cells (fig. SOE). We
speculated that this Rab18 protein mobility shift was due to post-
translational modifications. Considering other small GTPases such
Ras has been reported to undergo prenylation leading to a faster
mobility shift in SDS-PAGE (41), we hypothesized that statins might
suppress Rab18 prenylation. Given that prenylation largely occurs
on a C-terminal CAAX motifs (42) and Rab18 contains such a motif
(Fig. 6B), we next mutated Rab18-C203 residue to Ala and observed
that not only the C203A-Rab18 mutant displayed a retarded mobil-
ity in SDS-PAGE but also, unlike WT-Rab18, lovastatin failed to
trigger cell mobility changes (Fig. 7B). Biotin-2'3"-cGAMP could
pull down endogenous prenylated Rab18 from MDA-MB-231 cells
but failed to interact with lovastatin-triggered de-prenylated forms
of Rab18 (Fig. 7C). These data suggest that lovastatin-mediated
Rab18 deprenylation may disrupt 2'3’-cGAMP binding. Lovastatin
inhibited MDA-MB-231 cell migration driven by either FBS (fig. S9,
F to I), 2'3’-cGAMP (Fig. 7, D and E), or Dox (fig. S9, ] and K),
presumably through blocking the cGAMP/Rab18 interactions (fig.
S9L). Furthermore, restoring Rab18-C203A expression in endoge-
nous Rab18-depleted MDA-MB-231 cells (Fig. 7F) failed to respond
to 2'3’-cGAMP-induced cell migration (Fig. 7, G and H) that
presumably due to inability for this mutant to increase FosB2 ex-
pression upon 2'3’-cGAMP treatment (fig. SOM). Together, this
demonstrates that lovastatin-induced Rab18 deprenylation at C203
abolishes Rab18 binding to 2'3'-cGAMP, therefore attenuating
2'3’-cGAMP-induced cell migration. Notably, pretreatment with
low doses of Dox also increased migratory ability of MDA-MB-231
cells (fig. S9, N and O), suggesting that cGAMP/Rab18/FosB-mediated
transcriptional changes exert sustained effects in cell migration con-
trol. Consistent with a role of endogenous 2'3’-cGAMP in promot-
ing cell migration through activating FosB-mediated transcriptional
programs, in a tail vein injection murine model (fig. SOP), MDA-
MB-231 cells pretreated either with the cGAS inhibitor G140 or
lovastatin/Dox (Fig. 7I) or lovastatin alone (Fig. 7, J and K) to re-
duce endogenous 2'3'-cGAMP levels showed compromised cell mi-
gratory ability to lungs in NOD scid gamma (NSG) mice compared
with control treatment, with no effects on animal body weights
(Fig. 7L and fig. S9Q). In addition, lovastatin-induced Rab18 de-
prenylation in suppressing 2'3’-cGAMP-induced cell migration
was also confirmed in colon cancer DLD-1 cells (fig. S9, R to T).
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Together, these data suggest that lovastatin may suppress breast
cancer metastasis in part through deprenylating Rab18 to inacti-
vate the 2'3’-cGAMP/Rab18/FosB signaling.

DISCUSSION

Our study reveals a previously unidentified function of endogenous
2'3’-cGAMP in cell migration control beyond its previously charac-
terized biological function including innate immune STING activa-
tion and suppression of EF1A1-mediated protein synthesis. By
using a biotin-2"3'-cGAMP pull-down coupled proteomic ap-
proach, we establish the first 2'3’-cGAMP interactome in mamma-
lian cells. Relying on this approach, we identify the small GTPase
Rab18 as a previously unidentified and direct 2'3’-cGAMP binding
partner and downstream effector, through binding and activation of
which 2'3’-cGAMP promotes FosB transcription, leading to in-
creased cell migration. This process is independent of previously
characterized 2'3’-GAMP binding partners STING and EF1A1. Al-
though Rab18 was not usually colocalized with STING in MDA-
MB-231 cells (fig. S10A), STING depletion enhanced 2'3’-cGAMP
interaction with Rab18 (fig. S10B) and vice versa (fig. S10C). These
data suggest that, in cells, STING and Rab18 may compete for
2'3’-cGAMP binding (maybe due to stoichiometry or cellular local-
ization of these molecules). In support of this notion, we observed
that Rab18 depletion enhanced innate immune activation of MDA-
MB-231 cells responding to ISD90 stimulation (fig. S10D), while
reexpressing WT-Rab18 but not the 2'3’-cGAMP binding-deficient
K98E-Rab18 in Rab18-depleted MDA-MB-231 cells suppressed in-
nate immune activation (fig. S10E).

Furthermore, we demonstrate that distinct pathophysiological
cues triggering accumulation of endogenous 2'3’-cGAMP pro-
mote cell migration in a 2’'3’-cGAMP/Rab18/FosB signaling-
dependent manner (fig. S1I0F). These distinct cues at least include
low doses of chemotherapeutics such as Dox that induce DNA
damage to cause accumulation of cytosolic DNA and infection
by characterized intratumor bacteria such as S. aureus. Notably,
how 2'3’-cGAMP-induced Rab18 activation facilitates FosB tran-
scriptional activation and the major FosB transcriptional targets
mediating cGAMP/Rab18-controlled cell migration remain elu-
sive and warrant further in-depth investigations. Nonetheless, we
observed increased FosB expression in MDA-MB-231 cells metas-
tasis to lung (MDA-MB-4175) or bone (MDA-MB-1833) (fig.
$10G), accompanied by increased migration ability (fig. S10, H
and I). These correlative observations may suggest a role of
2'3’-cGAMP/FosB signaling in potentiating breast cancer metasta-
sis. In addition, Rab18 has been reported to be overexpressed in
multiple cancer types including gastric (43), liver (44), lung (45),
and other cancers to promote cancer growth and metastasis, while
loss of function of Rab18 mutants cause Warburg Micro syndrome
(46). Similarly, FosB overexpression has also been reported in can-
cer to fuel tumorgenesis and treatment resistance (47). It is plau-
sible that for cancers with high levels of Rab18, increased cellular
2'3’-cGAMP levels triggered by DNA damage, mitochondrial
damage, or viral/bacterial infection are likely to function in acti-
vating Rab18 to promote tumor metastasis. In addition, whether
the Warburg Micro syndrome is caused by deficiency of Rab18
mutants in responding to 2'3’-cGAMP regulation especially in
driving neuronal migration critical in early development stages re-
mains to be further determined.
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We also find that lovastatin triggers Rab18 deprenylation that inter-
rupts 2'3’-cGAMP binding and 2'3’-cGAMP-induced cell migration.
Of note, there are multiple mechanisms underlying lovastatin treat-
ment-induced cell migration changes other than Rab18 deprenylation.
Different from 2'3’-cGAMP binding to the GTPase EF1A1 to suppress
EF1A1 enzymatic activity by competing with GTP loading, 2'3’-cGAMP
binding to the GTPase Rab18 coordinates with GTP loading to facilitate
Rab18 activation. This study reveals an innate immunity-independent
function of 2'3’-cGAMP and adds an additional consideration for dis-
ease treatments that include 2'3’-cGAMP. For example, Dox is a first-
line therapy in treating triple-negative breast cancer (TNBC) but has a
nonsatisfactory clinical outcome due to acquired resistance or lack of
biomarkers. Our data suggest that TNBC treated with Dox may play a
role in TNBC metastasis via activation of 2'3’-cGAMP/Rab18/FosB sig-
naling. However, our data also suggest that this could be mitigated by
lovastatin, a drug used to treat high cholesterol and triglyceride blood
levels, and warrants further in-depth investigations.

Our studies rely on structure simulations to reveal possible binding
features between Rab18 and 2'3'-cGAMP. Further crystallization of
cryo—electron microscopy structures for the Rab18/2'3'-cGAMP or
Rab18/2'3’-cGAMP/GTP complexes will be needed to provide the di-
rect evidence for this interaction at atomic levels. We use S. aureus in-
fection models to examine the contribution of increases of endogenous
2'3’-cGAMP in facilitating cell migration. To further strengthen this
line of investigations, antibiotic-mediated depletion of tumor residing
S. aureus or other bacterial species in a genetic of orthotopic breast
cancer murine models would be necessary. Other limitations also ex-
ist. These include a lack of rigorous in vivo evidence of our identified
2'3’-cGAMP-induced cell migration control that could further pro-
vide tissue specificity and physiological significance for this signaling.
This could be achieved by using a cre-loxp system to generate knock-
out strains for Rab18, cGAS, STING, or IRF3 with further crossing
these animals with Cre mice specifically expressing Cre under a cell
type-specific promoter. In addition, further efforts are warranted to
complete the signaling cascade from 2'3’-cGAMP/Rab18 to FosB. Like
other small GTPases as Ras, it is plausible that 2'3'-cGAMP-induced
Rab18 activation triggers kinase activation to phosphorylate and stim-
ulate transcription factors/coactivators to facilitate FosB transcription.
Major FosB transcription target(s) responsible for 2'3"-cGAMP-
governed cell migration control should be further determined in
follow-up studies. Nonetheless, our study establishes a 2'3’-cGAMP/
Rab18/FosB signaling in cell migration control and reveals pharmaco-
logical interventions by lovastatin to inhibit Rab18 prenylation
alleviate 2'3’-cGAMP-induced cell migration, with both biolog-
ical and pathological implications.

MATERIALS AND METHODS

Cell culture and transfection

Human breast cancer cell lines MDA-MB-231, MDA-MB-468,
and T47D; human immortalized kidney cell line human embry-
onic kidney 293T, and MEFs were cultured in DMEM (Dulbec-
co’s modified Eagle’s medium) medium supplemented with 10%
FBS, 100 U of penicillin, and streptomycin (100 mg/ml) unless
otherwise stated. Human breast cancer cell lines HCC1937 and
MDA-MB-436 and human leukemia monocytic cell line THP-1
were cultured in RPMI 1640 medium supplemented with 10%
FBS, 100 U of penicillin, and streptomycin (100 mg/ml) unless
otherwise stated.
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Cell transfection was performed using polyethylenimine, as
described previously (48, 49). Packaging of lentiviral sShRNA or
cDNA expressing viruses, as well as subsequent infection of various
cell lines, was performed according to the protocols described pre-
viously (49, 50). Following viral infection, cells were maintained in
the presence of blasticidin (5 pg/ml) or puromycin (1 pg/ml) or
hygromycin (200 pg/ml) depending on the viral vector used to in-
fect cells.

Bacteria strains

S. aureus HG003 MSSA strain and GFP-S. aureus BC47 LAC-GFP
chromosome strain were gifts from B. Conlon (University of North
Carolina at Chapel Hill). All strains were stored in 10% glycerol
stock at —80°C. Cells were plated on tryptic soy broth agar plates
(TSA) at 37°C overnight, and liquid suspensions of bacteria from
the overnight culture were dilated to optical density at 600 nm = 0.6
and then used for further assays.

Plasmids

GST-Rab18-WT, S22N, Q67L, S17A, K98E, E68R, and R69AR71A
were cloned into pGEX-6p-1 vector using Bam HI and Xho I
enzyme sites. Hemagglutinin (HA)-Rab18-WT, HA-Rab18-S22N,
HA-Rab18-Q67L, HA-Rab18-S17A, K98E, E68R, R69AR71A, and
HA-Rab18-C203A were cloned into pLenti-GFP-blasticidin vector
using Bam HI and Sal I enzyme sites. STING-WT-Flag and STING-
R238A-Flag were cloned into pLenti-GFP-blasticidin vector using
Bam HI and Sal I enzyme sites. S22N-Rab18, Q67L-Rab18, N122I-
Rab18, S17A-Rab18, K98E-Rab18, E68R-Rab18, R69AR71A-
Rab18, C203A-Rab18, and R238A-STING-related constructs were
obtained using Site-Directed Mutagenesis Kits (Agilent, 200523).

Reagents

For transfection reagents and antibiotics, we purchased PEI from
Polysciences Inc. (catalog no. 23866-1), blasticidin (Sigma-Aldrich,
catalog no. 15205), puromycin (Fisher BioReagents, catalog no.
58-58-2), hygromycin (Sigma-Aldrich, catalog no. H3274), and
gentamicin (Sigma-Aldrich, catalog no. G1264). As for nucleotide
stimulants, we purchased ISD90 (5'-TACAGATCTACTAGTGATC-
TATGACTGATCTGTACATGATCTACATACAGATCTACTAGT-
GATCTATGACTGATCTGTACATGATCTACA-3’) from Eurofins
Genomics. For other reagents used in this study, we purchased
lovastatin from TCI America (catalog no. L0214), atorvastatin
(TCI, catalog no. A2476), Dox (Fisher BioReagents, catalog no.
BP2316-005), biotin-2'3’-cGAMP, (BioLOG, catalog no. c197-
001), 3'2"-cGAMP (BioLOG, catalog no. c238-005), 3'3'-cGAMP
(BioLOG, catalog no. c117-001), 2'3’-cGAMP (APExBio, catalog
no. 88362), GTP solution (Thermo Fisher Scientific, catalog no.
R0461), ActivX desthiobiotin-GTP probe (Thermo Fisher Scien-
tific, catalog no. 88315), G140 (InvivoGen, catalog no. inh-g140),
H-89 (AdipoGen, catalog no. 130964-39-5), compound C (Milipore,
catalog no. 171260), neutravidin agarose beads (Thermo Fisher Scien-
tific, catalog no. 29200), glutathione agarose beads (GE Health-
care, catalog no. 17-0756-05), anti-HA agarose beads (Sigma-Aldrich,
catalog no. A-2095), and anti-Flag agarose beads (Sigma-Aldrich,
catalog no. A2220), and cAMP was purchased from TCI (A2381), Alexa
Fluor 594 phalloidin (Thermo Fisher Scientific, A12381), MRS-
1706 (MCE, 264623-53-9), biotin-cAMP (AAT Bioquest, 17105),
and 2'3’-cGAM(PS), (Rp/Sp) (InvivoGen, catalog no. tlrl-nacga2srs-05).
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The Rneasy Mini Kit was purchased from QIAGEN (catalog no.
74106), iScript Reverse Transcription Supermix for qRT-PCR
was from Bio-Rad (catalog no. 170-8891), Taq universal SYBR
green supermix (Bio-Rad, catalog no. 172-5124), protease inhibitor
cocktail (Bimake, catalog no. B14012), and phosphatase inhibitor
cocktails A and B (Bimake, catalog no. B15001-A /B15001-B).

Antibodies

Antibodies used in this study were as follows: anti-HA-Tag anti-
body (Cell Signaling Technology, catalog no. 3724), anti-FosB an-
tibody (Cell Signaling Technology, catalog no. 2251), anti-eEF1A1
antibody (Cell Signaling Technology, catalog no. 2551), anti-
phospho-TBK1 (TANK binding kinase) (Ser'”?) antibody (Cell
Signaling Technology, catalog no. 5483), anti-TBK1 antibody (Cell
Signaling Technology, catalog no. 51872), anti-STING antibody
(Cell Signaling Technology, catalog no. 13647), anti-phospho-
STING (Ser’®) antibody (Cell Signaling Technology, catalog no.
50907), anti-IRF3 antibody (Cell Signaling Technology, catalog
no. 4302), anti-phospho-IRF3 (Ser™®®) antibody (Cell Signaling
Technology, catalog no. 37829), anti-phospho-IRF3 (Ser’*®) anti-
body (Cell Signaling Technology, catalog no. 29047), anti-cGAS
antibody (Cell Signaling Technology, catalog no. 83623), anti-
phospho-histone H2A X (Ser™) (Cell Signaling Technology, cat-
alog no. 9718), anti-GST-tag antibody (Santa Cruz Biotechnology,
catalog no. sc-459), anti-Rab18 antibody (Santa Cruz Biotechnol-
ogy, catalog no. sc-393169), anti-E-cadherin antibody (Santa Cruz
Biotechnology, catalog no. sc-212791), anti-MMP9 (matrix me-
talloproteinase-9) antibody (Santa Cruz Biotechnology, catalog
no. sc-21733), anti-Moesin antibody (Santa Cruz Biotechnology,
catalog no. sc-13122), anti-SLUG antibody (Santa Cruz Biotech-
nology, catalog no. sc-166476), anti-MITF antibody (Santa Cruz
Biotechnology, catalog no. sc-515925), anti-SNAI1 (snail family
transcriptional repressor 1) antibody (Santa Cruz Biotechnology,
catalog no. sc-271977), anti-SPARC antibody (Santa Cruz Bio-
technology, catalog no. sc-398419), anti-TIMP1 (TIMP metallo-
peptidase inhibitor 1) antibody (Santa Cruz Biotechnology, catalog
no. sc-365905), and anti-c-Jun antibody (Santa Cruz Biotechnol-
ogy, catalog no. sc-1694); polyclonal anti-Flag antibody (Sigma-
Aldrich, catalog no. F7425), monoclonal anti-Flag antibody
(Sigma-Aldrich, catalog no. F-3165), monoclonal anti-tubulin an-
tibody (Sigma-Aldrich, catalog no. T-5168), anti-vinculin anti-
body (Santa Cruz Biotechnology, catalog no. sc-25336), anti-GFP
antibody (Abcam, ab13970), anti-LRRC8C antibody (Protein-
tech, 21601-1-AP), anti-SLC19A1 antibody (Proteintech, 25958-
1-AP), anti-connexin43 (Proteintech, 26980-1-AP), anti-FAK
(Proteintech, 12636-1-AP), anti-SLC46A2 (ABclonal, A15494),
anti-RAB27A antibody (Proteintech, 17817-1-AP), anti-RAB3A
antibody (Proteintech, 68052-2-Ig), anti-rabbit immunoglobulin
G (IgG), horseradish peroxidase (HRP)-linked antibody (Cell Sig-
naling Technology, catalog no. 7074), anti-mouse IgG, and HRP-
linked antibody (Cell Signaling Technology, catalog no. 7076).

Primers

Primers used in generating plasmids used in this study are as fol-
lows: Rab18-HA-BamHI-F: GCAT GGATCC ATG TAC CCA TAC
GAT GTT CCA GAT TAC GCT GACGAGGACGTGCTAACC;
Rab18-BamHI-F: GCAT GGATCC GACGAGGACGTGCTAACG;
Rab18-Sall-R: GCAT GTCGAC TTATAACACAGAGCAATA-
ACCACCAC; Rab18-S22N-F: GAGAGTGGGGTGGGCAA-
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GAACAGCCTGCTCTTGAGGTTC; Rab18-S22N-R: GAACCTC-
AAGAGCAGGCTGTTCTTGCCCACCCCACTCTC; Rab18-Q67L-F:
CTTGCAATATGGGATACTGCTGGTCTAGAGAGGTTTAGAA-
CATTAACTCC; Rab18-Q67L-R: GGAGTTAATGTTCTAAACCTCT-
CTAGACCAGCAGTATCCCATATTGCAAG; Rab18-N122I-F:
CATAGTAAACATGCTAGTTGGAATCAAAATCGATAAG-
GAAAATCGTGAAG; Rab18-N122I-R: CTTCACGATTTTCCT-
TATCGATTTTGATTCCAACTAGCATGTTTACTATG;
shRab18-79-resistant-F: GAAGGCCTGAAATTTGCTCGTAAA-
CACTCGATGTTATTTATAGAGGCAAG; shRab18-79-resistant-R:
CTTGCCTCTATAAATAACATCGAGTGTTTACGAGCA-
AATTTCAGGCCTTC; Rab18-S17A-F: CCTCATCATCGGCG-
AGGCTGGGGTGGGCAAGTCC; Rab18-S17A-R: GGACTTGC-
CCACCCCAGCCTCGCCGATGATGAGG; Rab18-E36A-F: CA-
GATGATACGTTTGATCCAGCACTTGCAGCAACAATAG-
GTGTTG; Rabl8-E36A-R: CAACACCTATTGTTGCTGCAA-
GTGCTGGATCAAACGTATCATCTG; Rab18-R92E-F:
GGTGTTATATTAGTTTATGATGTCACAGAAAGAGATA-
CATTTGTTAAACTGGATAATTGG; Rab18-R92E-R: CCAAT-
TATCCAGTTTAACAAATGTATCTCTTTCTGTGACATCATA-
AACTAATATAACACC; Rab18-K98E-F: CAAGAAGAGATACAT-
TTGTTGAACTGGATAATTGGTTAAATGAATTGG; Rab18-K98E-
R: CCAATTCATTTAACCAATTATCCAGTTCAACAAATG-
TATCTCTTCTTG; Rab18-E68K-F: GGATACTGCTGGTCAACG-
GAGGTTTAGAACATTAACTCCCAG; Rab18-E68K-R:
CTGGGAGTTAATGTTCTAAACCTCCGTTGACCAGCAG-
TATCC; Rab18-R69AR71A-F: CTGCTGGTCAAGAGGC-
GTTTGCAACATTAACTCCCAGC; Rab18-R69AR71A-R: GCT-
GGGAGTTAATGTTGCAAACGCCTCTTGACCAGCAG; Rabl18-
C203A-R: GCATGTCGACTTATAACACAGAGGCATAAC-
CACCAC; STING-R238A-F: GCTGGCATCAAGGATGCG-
GTTTACAGCAACAGCATCTATGAGC; STING-R238A-R: GCT-
CATAGATGCTGTTGCTGTAAACCGCATCCTTGATGCCAGC.

RT-PCR primers are as follows: NAB2-F: CCAGAGATGGTACG-
CATGGTG; NAB2-R: TTTAGCAGGGATGTGACCTCC; FosB-F:
GCTGCAAGATCCCCTACGAAG; FosB-R: ACGAAGAAGTGTAC-
GAAGGGTT; C3AR1-F: CCCTACGGCAGGTTCCTATG; C3ARI1-R:
GACAGCGATCCAGGCTAATGG; LIMA1-F: GACTCCCAGG-
TTAAGAGTGAGG; LIMA1-R: TTGCAGGTGCCTGAAACTTCT;
U6-F: CTCGCTTCGGCAGCACA; U6-R: AACGCTTCACGAA-
TTTGCGT; A2B-F: CAAGTGGGTGATGAATGTGG; A2B-R:
TTTCCGGAATCAATTCAAGC; HK2-F: GAGTTTGACCTGGAT-
GTGGTTGC; HK2-R: CCTCCATGTAGCAGGCATTGCT; ¢-FOS-F:
GCCTCTCTTACTACCACTCACC; c-FOS-R: AGATGGCAGTGAC-
CGTGGGAAT; CHGA-F: GGTTCTTGAGAACCAGAGCAGC;
CHGA-R: GCTTCACCACTTTTCTCTGCCTC; FGF6-F: AGGCGT-
GGTGAGTCTCTTTGGA; FGF6-R: TTGTTGGGCAGGAGGGT-
TTCTC; AMDI1-F: ACCACCCTCTTGCTGAAAGCAC; AMDI1-R:
CCCTTGGTGAGAAGGCTTCATG; SCG2-F: GAGAAGCCGAAT-
GGATCAGTGG; SCG2-R: TCTGGATGGTCTAAGTCAGCCTG;
JUND-F: ATCGACATGGACACGCAGGAGC; JUND-R: CTCCGT-
GTTCTGACTCTTGAGG; EGR2-F: CCTTTGACCAGATGAACG-
GAGTG; EGR2-R: GAAGGTCTGGTTTCTAGGTGCAG; PCNA-F:
CAAGTAATGTCGATAAAGAGGAGG; PCNA-R: GTGTCACCGT-
TGAAGAGAGTGG; CALR-F: TCAAGGAGCAGTTTCTGGACGG;
CALR-R: GCATCCTGGCTTGTCTGCAAAC; AREG-F: GCACCTG-
GAAGCAGTAACATGC; AREG-R: GGCAGCTATGGCTG-
CTAATGCA; KCNA5-F: GTTCCGCATCTTCAAGCTCTCC; KC-
NA5-R: CGAAGTAGACGGCACTGGAGAA.
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shRNAs and sgRNAs
shRNA plasmids were constructed by inserting synthesized shRNAs
into pLKO-puro or pLKO-blast vectors. Their target sequence is
as follows: shSTING-28 (TRCN0000164628), shSTING-29
(TRCN0000163029), and shSTING-45 (TRCN0000161345);
shRab10-M (TRCN0000382510), shRab10-N (TRCN0000379769),
and shRab10-O (TRCN0000381036); shRab18-P (TRCN0000021979),
shRab18-Q (TRCN0000021983), shRab18-R (TRCN0000021981),
shRhoG-U (TRCN0000048018), shRhoG-S (TRCN0000048019),
shRhoG-T (TRCN0000048021), shRRAGA-W (TRCN0000291754),
shRRAGA-V (TRCN0000291692), shARHGEF1-A (TRCN0000033564),
shARHGEF1-B (TRCN0000033567), shARHGEF1-C (TRCN0000033568),
shRAP1GDS1-H (TRCN0000029789), shRAP1GDS1-G (TRCN0000029790),
shRAP1GDS1-I (TRCN0000029792), shARHGEF2-D (TRCN0000003176),
shARHGEF2-F (TRCN0000003173), shGAPVD1-J (TRCN0000010987),
shGAPVDI1-K(TRCN0000006005),shGAPVD1-L(TRCN0000006006),
shmSTING-66 (TRCN0000346266), shmSTING-20 (TRCN0000346320),
and shmSTING-64 (TRCN0000346264) constructs were purchased
from Sigma-Aldrich. shRNA primers are listed as follows: shFosB-1:
GCCGAGTCTCAATATCTGTCTC; shFosB-2: GCCAACCACAA-
TTCAATGAAT; shA2B-F: CCGGGCTAATATGTATGTGTCAG-
TACTCGAGGCTAATATGTATGTGTCAGTATTTTTG; shA2B-R:

AATTCAAAAAGCTAATATGTATGTGTCAGTACTCGAG-
GCTAATATGTATGTGTCAGTA.

sgRNA plasmids were constructed by inserting synthesized
sgRNAs into lentiCRISPRv2-puro vector or lentiCRISPRv2-blast
vector. Their target sequence is listed as follows: sgSTING-1:
GCTGGGACTGCTGTTAAACG; sgSTING-2: GCGGGCCGACC-
GCATTTGGG; sgSTING-6: CATTACAACAACCTGCTACG;
sgRab18-4: CCTCATCATCGGCGAGAGTG; sgEF1A1-1: GCTGT-
CCTGATTGTTGCTGC; sgEF1A1-2: AGGGCTCCTTCAAGTAT-
GCC; sgEF1A1-3: GTTTCAGATGCCTTGGTTCA; sgFosB-1:
CCGTAGGAGTGCGCCGGTCT; sgFosB-2: CGTCGACCCCTAC-
GACATGG; sgIRF3-1: CGCTCACTGCCCAGTATGTG; sgIRF3-2:
TTTAGCAGAGGACCGGAGCA; sgIRF3-4: GGCACCAACAGC-
CGCTTCAG.

sgRNA primers are listed as follows: sgLRRC8C-1-F: CACC-
GGACAAATGCCCATAATCGAC; sgLRRC8C-1-R: AAACGTCG-
ATTATGGGCATTTGTCC; sgLRRC8C-2-F: CACCGCGTGCCT-
TTATACCTTATAC; sgLRRC8C-2-R: AAACGTATAAGGTATAA-
AGGCACGG; sgLRRC8C-3-F: CACCGATGCAACAAGATCCGAT-
ACT; sgLRRC8C-3-R: AAACAGTATCGGATCTTGTTGCATC;
sgSLC46A2-1-F: CACCGCGTAGGACGCCTTCACCACG; sgSL-
C46A2-1-R: AAACCGTGGTGAAGGCGTCCTACGC; sgSL-
C46A2-2-F: CACCGAGCCCCGCATCGTAGAGGG;sgSLC46A2-2-R:
AAACCCCTCTACGATGCGGGGCTG; sgSLC46A2-3-F: CACCGGGA-
GTAGCCCCGCATCGTAG;sgSLC46A2-3-R: AAACCTACGATGC-
GGGGCTACTCCC.

Immunoblot and immunoprecipitations analyses

Cells were lysed in EBC buffer [50 mM tris (pH 7.5), 120 mM NaCl,
and 0.5% NP-40] supplemented with protease inhibitor cocktail and
phosphatase inhibitor cocktail. The protein concentrations of whole
cell lysates were measured by NanoDrop OneC using the Bio-Rad
protein assay reagent as described previously (48, 49). Equal amounts
of whole cell lysates were loaded by SDS-PAGE and immunoblotted
with indicated antibodies. For GST pull-down and immunoprecipita-
tions analysis, 1 mg total lysates was incubated with the indicated
beads for 3 to 4 hours at 4°C. The recovered immuno-complexes were
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washed three times with NETN buffer [20 mM tris (pH 8.0), 100 mM
NaCl, 1 mM EDTA, and 0.5% NP-40] before being resolved by SDS-
PAGE and immunoblotted with indicated antibodies.

RNA extraction and qRT-PCR

RNA extraction was performed with an RNA miniprep super kit.
The final elution step was done with 50 pl of ribonuclease-free
water. The relative enrichment of mRNA was quantified with the
NanoDrop OneC (Thermo Fisher Scientific). At least two bio-
logical replicates were performed for RNA extraction. Reverse
transcription was performed with an iScript cDNA synthesis kit.
Quantitative real-time PCR was performed with iTaq universal
SYBR green supermix using a QuantStudio 6 Flex Real-Time
PCR Systems (Thermo Fisher Scientific). Each mRNA level was
normalized RNA18S to U6 small nuclear RNA. The comparative
Ct method was used to calculate fold change in expression. Sta-
tistical significance was determined by one-way analysis of vari-
ance (ANOVA) tests.

RT? Profiler PCR assays

The RT? Profiler PCR array (330231 PAHS-066ZA) was purchased
from QIAGEN. The assay was conducted following its instructions.
Briefly, MDA-MB-231 cells were treated with vehicle/cGAMP for
2 hours followed by RNA extraction and cDNA synthesis, and then
PCR component mix containing 2X SYBR Green mix and cDNA
from each group was dispensed into PCR array followed by real-
time PCR analysis as described previously.

Colony formation assays

Indicated cells were seeded into six-well plates (500 cells per well)
and cultured in a 37°C incubator with 5% CO, for 10 to 15 days (as
indicated in figure legends) until formation of visible colonies. Col-
onies were washed with 1X phosphate-buffered saline (PBS), fixed
with 4% paraformaldehyde for 10 min, and stained with 0.5% crys-
tal violet overnight. Colonies were then washed by distilled water
and air-dried. Colony numbers were manually counted. Three in-
dependent experiments were performed to generate the error bars.

Transwell assays

A total of 3 x 10* or 3 X 10° cells were plated in an 8.0-mm, 24-well
plate chamber insert (Corning Life Sciences, catalog no. 3422) with
serum-free indicated medium at the top of the insert and the same
medium containing 20% FBS or serum-free medium at the bottom
of the insert unless otherwise stated. Cells were incubated for
24 hours and fixed with 4% paraformaldehyde for 10 min. After
washing with PBS, cells at the top of the insert were scraped with a
cotton swab. Cells adherent to the bottom were stained with 0.5%
crystal violet blue for 60 min and then washed with double-distilled
H,0. The positively stained cells were examined under the micro-
scope, and cell numbers were manually counted. Three independent
experiments were performed to generate the error bars.

Biotin-2'3’-cGAMP pull-down assays

In vitro and in-cell pull-down assays were performed using biotin-
2'3'-cGAMP (BioLOG) and NeutrAvidin agarose resin (Thermo
Fisher Scientific). Cell lysates or recombinant GST-Rab18 proteins
were incubated with 2 pg of biotin-2'3’-cGAMP and 10 liters of
NeutrAvidin agarose beads in a total volume of 600 pl of EBC or
NETN buffer for overnight at 4°C. The agarose beads were washed
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three times with NETN buffer. Then, bound proteins were eluted
by boiling in SDS loading buffer and resolved by SDS-PAGE for
subsequent staining by GelCode Blue (Thermo Fisher Scientific)
or for Western blotting.

In vitro Desthiobiotin-GTP pull-down assays

In vitro pull-down assays were performed using Desthiobiotin-
GTP probe (Thermo Fisher Scientific) and NeutrAvidin agarose
resin (Thermo Fisher Scientific). Recombinant GST-Rab18 pro-
teins were incubated with 20 pM Desthiobiotin-GTP and 10 liters
of NeutrAvidin agarose beads in a total volume of 500 pl of bind-
ing buffer (50 mM tris-HCI, 250 mM NacCl, and 1% NP-40) for
4 to 6 hours at 4°C. The agarose beads were washed three times
with binding buffer. Then, bound proteins were eluted by boiling
in SDS loading buffer and resolved by SDS-PAGE for subsequent
staining by GelCode Blue (Thermo Fisher Scientific) or for
Western blotting.

In vitro biotin-cAMP pull-down assays

In vitro pull-down assays were performed using biotin-cAMP (AAT
Bioquest) and NeutrAvidin agarose resin (Thermo Fisher Scientif-
ic). Recombinant GST-Rab18 proteins were incubated with 20 pM
biotin-cAMP and 10 liters NeutrAvidin agarose beads in a total vol-
ume of 500 pl of binding buffer (50 mM tris-HC, 250 mM NaCl,
and 1% NP-40) for 4 to 6 hours at 4°C. The agarose beads were
washed three times with binding buffer. Then, bound proteins were
eluted by boiling in SDS loading buffer and resolved by SDS-PAGE
for subsequent staining by GelCode Blue (Thermo Fisher Scientific)
or for Western blotting.

Mass spectrometry

Sample preparation

c¢GAMP pull-down samples (n = 2; beads only control and biotin-
2'3'-cGAMP pull-downs) were subjected to SDS-PAGE and stained
with GelCode Blue Safe Protein Stain. Full lanes were analyzed (two
gel slices per lane) and excised, and the proteins were reduced with
5 mM dithiothreitol (DTT), alkylated with 15 mM iodoacetamide,
and in-gel digested with trypsin overnight at 37°C. Peptides were
extracted, desalted with C18 ZipTip (Millipore), and dried via vacu-
um centrifugation. Peptide samples were stored at —80°C until fur-
ther analysis.

LC-MS/MS analysis

The peptide samples (# = 2) were analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) using an Easy nLC 1200
coupled to a QExactive HF mass spectrometer (Thermo Fisher
Scientific). Samples were injected onto an Easy Spray PepMap C18
column (75 pm id by 25 cm, 2-pm particle size) (Thermo Fisher
Scientific) and separated over a 65-min method. The gradient
for separation consisted of 5 to 40% mobile phase B at a 250 nl/
min flow rate, where mobile phase A was 0.1% formic acid in wa-
ter and mobile phase B consisted of 0.1% formic acid in 80% ace-
tonitrile (ACN). The QExactive HF was operated in data-dependent
mode where the 15 most intense precursors were selected for sub-
sequent fragmentation. Resolution for the precursor scan (mass/
charge ratio 400 to 1600) was set to 120,000 with a target value
of 3 x 10° ions. MS/MS scan resolution was set to 15,000 with a
target value of 5 x 10* ions. The normalized collision energy was
set to 27% for higher collisional dissociation (HCD). Dynamic ex-
clusion was set to 30 s, peptide match was set to preferred, and
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precursors with unknown charge or a charge state of 1 and >8
were excluded.

Data analysis

Raw data files were processed using Proteome Discoverer version
2.1 (Thermo Fisher Scientific). Peak lists were searched against a re-
viewed UniProt human database (downloaded April 2017, contain-
ing 20,378 entries) appended with a common contaminant database.
The following parameters were used to identify tryptic peptides for
protein identification: 10-parts per million precursor ion mass tol-
erance; 0.02-Da product ion mass tolerance; up to two missed tryp-
sin cleavage sites; carbamidomethylation of Cys was set as a fixed
modification; oxidation of Met and protein N-terminal acetyl were
set as a variable modification.

Scaffold (version 4.7.3, Proteome Software) was used to vali-
date MS/MS-based peptide and protein identifications and to pro-
vide relative quantitation. Peptide identifications were accepted if
they could be established at greater than 95% probability to achieve
a false discovery rate of less than 0.1% by the Scaffold Local FDR
algorithm. Protein identifications were accepted if they could be
established at greater than 95.0% probability and contained at least
two identified peptides. Relative quantitation was performed us-
ing the calculated quantitative values (spectral counts) within
Scaffold.

CB-Dock modeling of 2'3'-cGAMP binding to Rab18

CB-Dock (http://clab.labshare.cn/cb-dock/php/index.php) is a protein-
ligand docking method which explores the protein surface for
binding sites, automatically identifies and characterizes potential
binding sites, and then uses AutoDock Vina (http://vina.scripps.
edu) to dock the ligand into the identified binding sites. The ligand
used was cGAMP from the 3.0-A crystal structure of a mutant
hSTING in complex with 2/,3’-cGAMP (PDB: 6y99). The protein
used was a monomer of apo-hRab18 from a 1.32-A crystal struc-
ture of hRab18 in complex with Gppnhp (PDB: 1x3s). The top
docking pose from CB-Dock is rendered in Fig. 3. Rab18 is ren-
dered in slate as a cartoon with three residues predicted to make
contact to cGAMP (S17, E36, and R92) rendered as sticks and col-
ored by atom-type. cGAMP is rendered as sticks, colored by atom
type with carbons colored white. The solved crystal structure of
Rab18 binding to Gppnhp (nondegradable GTP) (PDB: 1x3s) was
used as the input in the PrankWeb server. Two binding pockets
were identified by PrankWeb as shown in fig. S6. A third pocket
was selected as a negative control by choosing a cave-like area on
the surface of Rab18. 2'3'-cGAMP, 3'2'-cGAMP, or 3'3’-cGAMP
was then docked to these binding pockets by using MedusaDock.
One thousand docking attempts were performed at each pocket.
Last, the 1000 generated ligand poses were clustered by Medusa-
Dock, and the centroid of the largest cluster was selected as the
final stable pose at each pocket.

Rab18 GTPase activity assays

The in vitro GTPase activity assays using GST-Rab18 proteins were
performed using the ATPase/GTPase Activity Assay kit (MAK113,
Sigma-Aldrich) following manufacturer’s instructions. Briefly, bac-
terially purified GST-Rab18 proteins was incubated GTP (1 mM)
using a 96-well plate for 30 min or indicated time at room tempera-
ture or 37°C and then incubated with the reagent for an additional
30 min at room temperature to stop the enzyme reaction and gener-
ate the colorimetric product, and then samples were read at Ago.
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Immunofluorescence

Cells plated onto glass coverslips were fixed with 4% paraformalde-
hyde in PBS for 20 min at room temperature and permeabilized
with 0.2% Triton X-100 for 20 min at room temperature. Cells were
incubated with blocking buffer (5% bovine serum albumin and
0.1% Triton X-100 in PBS) for 1 hour, incubated with primary anti-
bodies at 4°C overnight, incubated with secondary antibodies at
room temperature for 1 hour, and mounted with ProLong Gold an-
tifade reagent. Fluorescent signals were observed with a Keyence
BZ-X700 microscope.

Oil Red O staining

Cells plated in a 24-well plate were washed two times with PBS and
fixed with 10% formalin for 30 min at room temperature. After re-
moving formalin and washing two times with distilled H,O (dH,0),
cells were incubated with 60% isopropanol for 5 min, Oil Red O
solution for 30 min, and hematoxylin for 1 min. Cells were kept with
dH,O at all times including while viewed under the microscope.

Protein purification

The recombinant GST-Rab18 was expressed in Escherichia coli BL21
strain with isopropyl p-p-1-thiogalactopyranoside induction 16 hours
at 16°C. The bacteria pellets were resuspended in lysis buffer (with pro-
tease inhibitor in PBS) and cracked by sonication. Following centrifu-
gation for 30 min at 16,000g to get rid of the bacteria debris, prewashed
GST-sepharose beads slurry (GE Healthcare) were added to the super-
natant and then incubated for 4 hours at 4°C. Proteins were eluted
by elution buffer [20 mM reduced glutathione in 50 mM tris-HCl
(pH 8.0)]. Where indicated, GST tag was removed by protease cleavage,
and the final products were purified and validated by fast protein liquid
chromatography size exclusion chromatography and gel analyses.

GST-Rab18 tag cleavage

After elution from the GST column, GST-Rab18 was exchanged
into PBS buffer with 5 mM BME and concentrated to 1.8 ml. The
protein was digested with 50 U of ApexBio Precision protease in
provided cleavage buffer for 48 hours at 4°C. Following cleavage,
the protein was reloaded onto the GST column. Rab18 proteins
were collected in the flow-through and one column volume PBS
wash. The protein was concentrated to 0.5 ml, quantified, and ex-
changed into 32 mM tris (pH 8.0), 200 mM ammonium sulfate,
10 mM DTT, and 0.15% N-octylglucopyranoside using a preequil-
ibrated PD10 column (Cytiva) by gravity flow. Fractions contain-
ing Rab18 were identified via a quick nonquantitative Bradford
assay and pooled to approximately 2 ml. Passenger nucleotides
were exchanged out in the presence of 10 mg of GppNHp and
25 U of alkaline phosphatase (AP) beads (Sigma-Aldrich) per mil-
ligram Rab18 at 37°C for 60 min with gentle mixing. MgCl,
(20 mM; final concentration) was added to the protein slurry and
incubated for 5 min. The AP beads were removed via centrifuga-
tion. Last, the protein was exchanged into 20 mM Hepes, 50 mM
NaCl, 20 mM MgCl,, and 1 mM TCEP using a preequilibrated
PD10 column as above.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assays (ELISAs) for human 2’3’
-cGAMP and 3'3'-cGAMP were performed using cell lysates in
which values are expressed as picograms per milliliter or nanograms
per milliliter + SD as calculated from a standard curve derived from
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2'3’-cGAMP or 3'3’-cGAMP provided in the ELISA kit (2’3’
-cGAMP ELISA, 501700, Cayman Chemical; 3'3'-cGAMP ELISA,
502130, Cayman Chemical).

RNA-seq analyses of 2'3’-cGAMP-governed transcriptome
Total RNA from triplicated samples of THP1-STING ™~ cells treated
with or without 2'3’-cGAMP (5 pg/ml) was extracted with the QIAGEN
RNeasy mini kit. Library preparation and sequencing were per-
formed by NOVOgene as paired-end 150-bp reads. Reads were
then filtered for adaptor contamination using cutadapt and filtered
such that at least 90% of bases of each read had a quality score > 30.
Reads were aligned to the reference genome (hg19) using STAR ver-
sion 2.5.2b retaining only primary alignments (51). Reads overlap-
ping blacklisted regions of the genome were then removed.
Transcript abundance was then estimated using Salmon (52), and
differentially expressed genes were detected using DESeq2 with the
criteria of adjusted P values (adjP) < 0.05 (53). The ClusterProfiler R
package (v3.14.3) was used to analyze the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) for functional
pathway annotation. Enrichment analysis for GO terms and KEGG
pathways uses enrichGO and enrichKEGG functions and visualizes
the result with bubble plots. RNA-seq data are deposited to GEO
under accession number GSE210490.

MTT cell viability assay

Two thousand indicated cells were seeded in each well of 96-well
plates for MTT assays to monitor cell viability at indicated time pe-
riods. Briefly, at indicated time points postcell seeding, 10 ml of
MTT solution was added into each well and incubated in the culture
incubator (37°C with 5% CO,) for 4 hours. Then, medium was re-
moved, and 100 ml of dimethyl sulfoxide was added into each well
to dissolve the formazan crystal and incubated for 10 min at
37°C. After thorough mixing, absorbance at 540 nm was measured
using the BioTek Cytation 5 Cell Imaging reader.

Time-lapse imaging

Indicated cells were seeded in a six-well plate for time-lapse cell
movement assay. After cells were attached, 2'3'-cGAMP (2.5 pg/ml)
was added to indicated wells and recorded for 16 to 24 hours with
30- or 60-min intervals. Time-lapse movies were recorded by the
EVOS M7000 microscope Imaging system or the Incucyte Live-Cell
Analysis System and generated by Fiji. Briefly, x and y coordinates of
each cell were measured by every time point, and the total cell
movement distances were calculated by the measurements. Statisti-
cal significance was determined by one-way ANOVA tests.

Mouse tail vein injection assays

All mouse work has been reviewed and approved by UNC Institu-
tional Animal Care and Use Committee under IACUC#22-056.
Briefly, MDA-MB-231-luc cells were treated with vehicle, G140
(10 pM), or Dox (0.05 pM) + lovastatin (5 pM) for 24 hours, and
then 5 x 10° cells from each group were collected and resuspended in
100 pl of PBS and injected into tail veins of 6-week-old NSG mice
purchased through the UNC Lineberger Comprehensive Cancer
Center (LCCC) Animal Studies Core. The core facility was blinded
for this measurement. MDA-MB-231-luc-shscramble/shRab18 cells
were treated with vehicle, S. aureus for 6 hours followed by treat-
ment with gentamicin for 1 hours, and then 3 x 10° cells from each
group were collected and resuspended in 100 pl of PBS and injected
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into tail veins of 9-week-old NSG mice purchased through the UNC
LCCC Animal Studies Core. MDA-MB-231-luc cells were treated
with vehicle or lovastatin (5 pM) for 24 hours postinjection, and 3 X
10° cells from each group were collected and resuspended in 100 pl
of PBS and injected into tail veins of 7-week-old NSG mice pur-
chased through the UNC LCCC Animal Studies Core. Cell metasta-
sis to lung was monitored two to three times a week by noninvasive
imaging. Animals were euthanized if more than 20% weight loss was
observed and excluded from the experiments.

In vitro binding assay

In vitro binding assay was performed using biotin-2'3'-cGAMP
(BioLOG-C197) and NeutrAvidin agarose resin (Thermo Fisher
Scientific). Recombinant GST-Rab18 (50 mM) proteins were incu-
bated with different doses (0 to 100 pM) of biotin-2'3"-cGAMP and
5 pl of NeutrAvidin agarose beads in a total volume of 20 ul of EBC
buffer for 1 hour at 4°C. The agarose beads were washed three times
with EBC buffer. Then, bound proteins were eluted by boiling in
SDS loading buffer and resolved by SDS-PAGE for subsequent
Western blotting. The density of resulting bands was quantified us-
ing image], and dissociation constants (K4 value) and R?values were
calculated using GraphPad Prism (one-side-—pecific binding).

In vitro HSV-1 transwell assays

A total of 3 x 10 or 4 X 10° per well MDA-MB-231 cells were plated
in 24-well plates and infected by purified HSV-1 at a multiplicity of
infection (MOI) of 0 or 0.5 for 1 hour followed by refreshing media
for another 48-hour incubation. Then, the supernatants from indi-
cated conditions were collected for transwell assays. For G140
inhibition assay, 4 X 10° per well MDA-MB-231 cells were plated in
a 24-well plate. Before infected by HSV-1 (MOI = 0.5), cells were
pretreated with G140 (10 pM) for 1 hour. After 1 hour of HSV-1
infection, medium was refreshed that contains G140 (10 pM) for
another 48-hour incubation. Then, the supernatants from different
conditions were collected for transwell assays.

Statistical analyses

Statistical analyses were performed using the SPSS 11.5 Statistical
Software. P < 0.05 was considered statistically significant. The re-
sults are shown as means + SD from at least two or three independent
experiments as indicated in figure legends. Differences between con-
trol and experimental conditions were evaluated by one-way ANOVA.

Supplementary Materials
The PDF file includes:

Figs.S1to S10

Table S1

Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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