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N E U R O S C I E N C E

Membrane-associated Rhes-Slc4a7 complex 
orchestrates tunneling nanotube formation and mutant 
Huntingtin spread
Sunayana Dagar1,2,3, Alexandra Fernandez4, Uri Nimrod Ramírez-Jarquín5,  
Violeta Gisselle Lopez-Huerta6, Emaad Mirza4, Chinmayee Mohapatra1,2,3, Isabella Zuniga4, 
Nicolai T. Urban7, Gogce Crynen8, George Tsaprailis9, Srinivasa Subramaniam1,2,3,10*

Tunneling nanotubes (TNTs) are membranous structures that mediate intercellular transfer of proteins, including 
the pathogenic mutant Huntingtin (mHTT) protein in Huntington disease (HD). We previously identified the ras 
homolog enriched in the striatum (Rhes) as a key regulator of TNT formation and mHTT transmission; however, the 
molecular components underlying this process remained unknown. Here, using unbiased liquid chromatography–
tandem mass spectrometry analysis of membrane-associated Rhes complexes, we identify Slc4a7 (solute carrier 
family 4 member 7), an intracellular pH sensor, as a top membrane-binding partner of Rhes. Functional studies 
revealed that small interfering RNA–mediated depletion or pharmacological inhibition of Slc4a7 substantially 
reduced Rhes-induced TNT formation and suppressed mHTT intercellular transfer. Mechanistically, Rhes directly 
interacts with Slc4a7 through both its amino- and carboxyl-terminal domains and modulates intracellular pH to 
facilitate TNT formation. This interaction does not depend on the transporter activity of Slc4a7. However, inhibi-
tion of Rhes farnesylation—a lipid modification that anchors Rhes to the membrane—disrupts its binding to Slc4a7 
and abolishes TNT formation. Slc4a7 knock-out mice showed markedly reduced cell-to-cell transmission of mHTT 
in the striatum in vivo. Together, these findings uncover a previously unrecognized Rhes-Slc4a7 signaling axis 
critical for TNT-mediated mHTT transmission and highlight Slc4a7 as a potential therapeutic target to limit disease 
spread in HD.

INTRODUCTION
Intercellular communication in the brain is essential for maintain-
ing neural function and responding to injury or disease. One emerg-
ing mode of such communication is through tunneling nanotubes 
(TNTs)—thin, actin-based membranous structures that form direct 
cytoplasmic bridges between cells (1). TNTs have gathered increas-
ing attention for their role in the intercellular transfer of proteins, 
vesicles, and even organelles, particularly in the context of neurode-
generation (2–7). However, the precise molecular regulators of TNT 
formation and their physiological relevance in the brain remain 
poorly understood.

Ras homolog enriched in the striatum (Rhes), an atypical guano-
sine triphosphatase (GTPase) with small ubiquitin–like modifier 
(SUMO) E3–like activity, enriched in striatal neurons that we re-
cently identified as a key mediator of TNT-like protrusions between 
neuronal cells (8, 9). We showed that Rhes (Rasd2) induces the 
biogenesis of actin-dependent TNT-like structures—termed “Rhes 
tunnels”—and facilitates the transport of the mutant Huntingtin 

(mHTT) protein between neuronal cells (10). This process is depen-
dent on the structural integrity of Rhes, including its CAAX motif 
and SUMO E3–like domain, highlighting a membrane binding and 
SUMOylation-dependent mechanism of cargo transfer (10).

In our subsequent in vivo studies, we have confirmed that Rhes 
moves between neurons in the striatum and extends to cortical re-
gions, thereby enabling long-range transport of mHTT in the mouse 
brain (11). We found that the deletion of Rhes diminishes this inter-
cellular spread, suggesting a crucial role in disease propagation in 
the striatum (11). These findings have been further supported by 
imaging and molecular studies in striatal slices and organotypic cul-
tures, confirming Rhes-mediated TNTs as a likely route for protein 
transmission in the intact brain (11). Despite these studies, the mo-
lecular mechanisms by which Rhes promotes TNT formation re-
mained unclear.

Solute carrier family 4 member 7 (Slc4a7) encodes NBCn1, an 
electroneutral sodium bicarbonate cotransporter that is critical for 
maintaining intracellular pH homeostasis—particularly in environ-
ments with high metabolic or signaling demand (12, 13). While Slc4a7 
has been well studied in epithelial tissues, its role in the brain is be-
coming increasingly appreciated. In neurons, Slc4a7 helps regulate 
neuronal excitability and hearing function (14), and its deletion has 
been shown to impair locomotor activity and alter exploratory be-
havior in mice (14). Slc4a7 also contributes to retinal development 
(15) and has been implicated in coordinating intracellular pH during 
cell proliferation and migration (16). Through unbiased liquid chro-
matography–tandem mass spectrometry (LC-MS/MS) protein inter-
action analysis, we identified Slc4a7 as a prominent interactor of 
Rhes and demonstrate its functional role in regulating Rhes-mediated 
TNT formation and mHTT transmission as described below.
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RESULTS
Membrane-anchored Rhes drives formation of open-ended 
TNT between cells
To assess the role of Rhes in TNT formation across diverse cell types, 
we generated stable cell lines expressing green fluorescent protein 
(EGFP) or EGFP-Rhes WT using lentiviral vectors in mouse striatal 
neuronal cells and used targeted integration into the Citrate Lyase 
Beta-Like (CLYBL) genomic safe harbor locus (17) to establish stable 
EGFP or EGFP-Rhes WT expression in human SH-SY5Y neuroblas-
toma cells and HD human induced pluripotent stem cells (iPSCs). In 
all models, GFP-Rhes strongly induced TNT-like structures (~four-
fold versus GFP alone), suggesting a conserved function of Rhes in 
promoting intercellular connectivity (Fig. 1, A and B). These TNT-
like structures were suspended above the substratum and clearly 
connected two cells, with lengths ranging from 15 to 25 μm and diam-
eters of 200 to 300 nm (fig. S1, A to C). In addition, we examined the 
function of endogenous RASD2 in U-87 glioblastoma cells, which nat-
urally express RASD2, to further assess its role in TNT formation using 
phalloidin staining to visualize actin-based structures (Fig. 1C). Small 
interfering RNA (siRNA)–mediated depletion of RASD2 in U-87 cells 
significantly reduced the number of TNTs, further confirming its es-
sential role in TNT biogenesis (Fig. 1, D and E). The average length and 
diameter of TNTs in U-87 cells were approximately 10 μm and 200 nm, 
respectively, and were unaffected by RASD2 depletion (fig. S1, D and 
E). Conversely, overexpression of Rhes WT, but not the C263S mutant 
(defective in membrane binding), in U-87 cells induced numerous 
TNT formation (Fig. 1, F and G), increasing their average length from 
approximately 10 μm in control cells to 30 μm, while the diameters re-
mained unaffected (fig. S1, F and G). Notably, the expression levels of 
EGFP-Rhes WT and EGFP-Rhes-C263S were comparable (Fig. 1, H 
and I), with no detectable impact on cell viability under either condition 
(fig. S1H). Together, these results demonstrate that Rhes promotes TNT 
formation in a broad range of cell types, both through endogenous 
regulation and overexpression via membrane binding.

Live-cell imaging analysis reveal cargo (for example, lysosome and 
endosome) in Rhes-TNTs travel along the plasma membrane before 
delivery into the acceptor cells (8, 10). However, whether Rhes-TNTs 
are closed-ended or open-ended is unclear. To determine this, we used 
the split-GFP system (18) as a functional readout for cytoplasmic conti-
nuity between donor and acceptor cells (Fig. 2A). In this system, donor 
cells expressed G10–internal ribosomal entry site (IRES)–mCherry 
(GFP10), whereas acceptor cells expressed CD63-7G11-IRES–cyan 
fluorescent protein (CFP, or GFP11). Before coculture, the individual 
cells exhibited no GFP fluorescence (day 1, Fig. 2B), confirming that the 
split-GFP fragments alone are nonfunctional when separated. Howev-
er, upon coculture and fluorescence-activated cell sorting (FACS) in the 
presence of Rhes (day 2), a strong GFP signal was reconstituted in 
(CFP+) acceptor cells (Fig. 2, C and D), indicating that Rhes facilitates 
the transfer of GFP10-tagged vesicular components through TNT-like 
structures and enables their proximity to GFP11 in recipient cells 
(Fig. 2E). Although this assay provides strong evidence that Rhes pro-
motes TNT-mediated intercellular transport in an open-ended manner, 
the possibility that TNTs are initially close-ended and become open-
ended upon fusion with the acceptor cell cannot be ruled out as the 
underlying mechanisms remain unclear.

Slc4a7 identified as a key membrane interactor of Rhes
To understand the mechanism by which Rhes promotes TNTs, we lev-
eraged its known requirement to interact with membrane component. 

As shown in Fig. 3, A and B, a membrane–targeting–deficient mu-
tant of Rhes failed to promote TNT formation, suggesting that 
membrane-associated components play a critical role in this pro-
cess. On the basis of this observation, we hypothesized that Rhes 
interacts with specific membrane-associated proteins that are essen-
tial for initiating or stabilizing TNTs. To test this, we set out to iden-
tify membrane-bound targets that physically associate with Rhes 
and potentially mediate its role in TNT formation.

To identify membrane-associated protein interactors of Rhes, we 
transfected striatal neuronal cells with EGFP, EGFP-Rhes WT, or 
EGFP-Rhes C263S (a membrane binding–deficient mutant) and 
then performed biochemical membrane fractionation (Fig. 3B). 
Membrane fractions were subjected to immunoprecipitation (IP) 
using anti-GFP nanobody–conjugated magnetic beads to selectively 
isolate GFP-tagged proteins.. The IP bead-bound complexes were 
then subjected to LC-MS/MS analysis to uncover proteins interact-
ing with membrane-associated Rhes (Fig. 3B).

This proteomics approach identified 188 proteins that were repro-
ducibly enriched in at least two of three independent GFP-nanobody 
immunoprecipitation replicates from the EGFP-Rhes WT samples 
but absent in both EGFP-only and EGFP-Rhes C263S control sam-
ples, indicating specific interaction with membrane-anchored Rhes 
(Fig. 3C and data sheet 1). All identified proteins met stringent selec-
tion criteria, including a minimum of two unique peptides per pro-
tein and a protein-level false discovery rate (FDR) of ≤1%.

Pathway analysis of the 188 Rhes WT–specific membrane interac-
torsusing STRING (Fig. 3D) and Gene Ontology enrichment revealed 
significant association with biological processes such as macroautoph-
agy, autophagy, and metabolic processes (FDR ≤  0.0125) (Fig.  3E). 
Molecular function terms included Hsp90 (FDR ~ 0.0302), cellular 
component analysis indicated strong enrichment for cytoplasmic and 
organelle-localized proteins (FDR  ≤  1.68 × 10−11), suggesting that 
membrane-anchored Rhes interacts with proteins involved in traffick-
ing, stress response, and degradation pathways (Fig. 3E).

Among the top 10 Rhes WT–specific membrane interactors 
identified through proteomic analysis, Slc4a7, an anion exchange 
bicarbonate transporter involved in pH regulation emerged as a 
prominent candidate (Fig. 4A). Its strong and specific enrichment in 
Rhes WT—but not in GFP or Rhes C263S samples (fig. S2)—suggests 
a direct or indirect association with membrane-anchored Rhes, point-
ing to a potential role in mediating Rhes-driven intercellular commu-
nication or trafficking processes.

Slc4a7 mediates Rhes-induced TNT formation
To assess the functional relevance of Rhes-associated membrane in-
teractors in TNT formation, we performed candidate-based siRNA 
screening of selected targets (Fig. 4A). Among these, siRNA against 
Slc4a7, Plastin-2, WIPI-2, Twinfilin-2, and PKP4, significantly re-
duced the number of Rhes-mediated TNTs (Fig. 4B). Plastin-2 (19), 
Twinfilin-2 (20), and PKP4 (21) are cytoskeletal regulators involved 
in maintaining cell structure, motility, and adhesion. These proteins 
contribute to the dynamic remodeling of the actin network, which is 
essential for processes such as membrane protrusion and intercel-
lular connectivity (22). Although their role in TNT formation has 
not been established, their involvement is plausible given that actin 
polymerization is essential for Rhes-induced TNTs (10).

We focused on Slc4a7, as its role in TNT biology has not been 
previously reported. Supporting the siRNA results, Slc4a7 knock-
down markedly suppressed Rhes-mediated TNT formation (Fig. 4, 
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Fig. 1. Membrane-anchored Rhes drives the formation of TNTs between cells. (A) Representative confocal images of mouse striatal (STHdhQ7/Q7), human SH-SY5Y, and 
human iPSC–derived cells stably expressing EGFP or EGFP-Rhes (lentiviral) or CLYBL-EGFP or CLYBL-EGFP-Rhes (plasmid), as indicated. Arrowheads denote TNTs connect-
ing adjacent cells. (B) Quantification of TNTs from (A), shown as number of TNTs per 100 cells (n = 3, independent experiments). (C) Confocal images of U-87 MG glioblas-
toma cells stained with phalloidin following treatment with control or RASD2 siRNA for 72 hours. Arrowheads indicate TNT-like structures. (D) Fold change in RASD2 mRNA 
expression normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), measured by quantitative polymerase chain reaction (qPCR). (E) Quantification of TNTs 
in (C) (TNTs/100 cells, n = 3, independent experiments). (F) Representative confocal images of U-87 MG glioblastoma cells transfected with EGFP, EGFP-Rhes WT, or EGFP-
Rhes C263S plasmids. Arrowheads indicate TNTs. (G) Quantification of TNTs from (F) (TNTs/100 cells, n = 3). (H and I) Western blotting analysis of the exogenous expression 
of EGFP, EGFP-Rhes WT, and EGFP-Rhes C263S detected with GFP antibody and loading control actin (H) and their densitometric quantification (I). Data are presented as 
means ± SEM. ***P < 0.001, ****P < 0.0001; Student’s t test. n.s, not significant.
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C to F). In addition, treatment with disodium 4,4′-diisothiocyanato-
2,2′-stilbenedisulfonate (DIDS), a pharmacological inhibitor of Slc4a7 
(23, 24), also blocked TNT formation (Fig. 4G and H), further vali-
dating the role of Slc4a7 in this process. Treatment with Slc4a7 siRNA 
or DIDS reduced the average TNT length from approximately 30 to 
15 μm, without affecting their diameters (fig. S3, A and B). Since 
DIDS can also block other Slc4a family members, we have used 
siRNAs approach.

SLC4A7 siRNA, similar to RASD2 siRNA (Fig. 1, D and E), re-
duced TNT formation in U-87 cells (Fig. 5, A to C) and shortened 
TNT length without affecting their diameter (fig. S3, C and D), indi-
cating a role for SLC4A7 in regulating endogenous TNTs. Cotreat-
ment with both RASD2 and SLC4A7 siRNAs did not lead to a further 
reduction in TNT formation (Fig. 5, A to C), suggesting that RASD2 and 
SLC4A7 function in the same pathway or molecular complex to regu-
late TNT formation. This likely reinforces the idea that RASD2-SLC4A7 

interaction is crucial and rate-limiting in TNT biogenesis. Rhes siRNA 
and Slc4a7 siRNA both decreased cell viability, suggesting that the 
Rhes-Slc4a7-TNT pathway may promote the growth of glioblastoma 
cells (fig. S3E) (25). Moreover, DIDS treatment reduced Rhes WT–
mediated enhancement of TNT formation but had no effect in cells 
expressing the membrane-deficient mutant Rhes C263S, indicat-
ing that SLC4A7 function is specifically required for membrane-
anchored Rhes to promote TNT formation (Fig. 5, D and E).

Rhes colocalizes with Slc4a7 in TNTs
Having established the role of Slc4a7 in Rhes-mediated TNT forma-
tion, we next asked whether Rhes and Slc4a7 are physically present 
within TNTs and, if so, sought to further characterize their interac-
tion. Confocal and stimulated emission depletion (STED) micros-
copy revealed that Rhes and Slc4a7 are enriched along the length of 
TNTs (arrow, Fig. 6A) and are in close proximity, as determined by 

Fig. 2. Rhes promotes open-ended TNTs in striatal neuronal cells. (A) Schematic overview of the coculture assay used to assess Rhes-mediated intercellular commu-
nication via TNTs. hrs., hours. (B) Background GFP plots (day 1) of FACS-sorted striatal neuronal cells expressing CD63-7G11-IRES-CFP and G10-IRES-mCherry. Quadrant 1 (Q1) 
represents the GFP+ population, while quadrant 3 (Q3) denotes the CFP+/mCherry+ cell population. (C) FACS-sorted striatal neuronal cells coexpressing CD63-7G11-IRES-
CFP with either Myc (control) or Myc-Rhes were cocultured with FACS-sorted striatal cells expressing G10-IRES-mCherry (day 2). After 24 hours, flow cytometry was per-
formed by gating on CFP+ donor cells to detect GFP signal transfer. Quadrant 2 (Q2) indicates the population of double-positive cells (CFP+/GFP+), reflecting direct membrane 
or cytosolic exchange. (D) Quantification of the percentage of CFP+ cells also positive for GFP. Data are presented as means ± SEM; ***P < 0.001, Student’s t test. (E) Sche-
matic representation of the proposed model showing how Rhes facilitates open-ended TNT formation to mediate intercellular material exchange.
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full width at half maximum (FWHM) analysis. FWHM, which mea-
sures the width of the fluorescent signal at half its maximum inten-
sity, is a key indicator of spatial resolution and suggested the close 
apposition of Rhes and Slc4a7 within TNT structures (Fig. 6B). In 
addition, we observed colocalization of Rhes and Slc4a7 at the base 
of the TNTs (arrowhead, Fig. 6, A, C, and D).

Biochemical interaction of Rhes with Slc4a7
To gain more insight into their functional relationship, we further 
characterized the interaction between Rhes and Slc4a7. We con-
firmed that Rhes-WT, but not the membrane binding–deficient mu-
tant Rhes C263S, copurifies with endogenous Slc4a7 (Fig. 7A). In 

addition, the guanosine 5′-triphosphate (GTP)–binding–defective 
mutant Rhes S33N showed similarly reduced interaction with SLC4A7, 
indicating that both membrane association and GTP binding are 
important for this interaction. In contrast, mutation of the pro-
tein kinase A phosphorylation site at S87 (26) had no effect on 
SLC4A7 binding (Fig. 7B and fig. S4A). Analysis of the cellular 
localization of these mutants revealed diminished colocalization for 
S33N and C263S, but not for S87A, compared with the WT Rhes 
protein (fig. S4, B and C). Thus, Rhes interaction with SLC4A7 de-
pends on its membrane localization and GTP-binding ability, but 
not on phosphorylation at S87 in Rhes. Note that UniProt and cryo–
electron microscopy data indicate that Slc4a7-related proteins are 

Fig. 3. Membrane-associated protein interactors of Rhes. (A) Representative confocal images of striatal neuronal cells expressing either EGFP-Rhes WT or the mem-
brane anchoring–deficient mutant EGFP-Rhes C263S. Arrows indicate TNTs. Quantification of TNTs per 100 cells demonstrates a significant reduction in TNT formation by 
the C263S mutant. Data are presented as means ± SEM; P < 0.001, ***P < 0.001; Student’s t test. ns, not significant. n = 210 to 230 cells per group from three independent 
experiments. (B) Schematic of the experimental workflow used for membrane fractionation and LC-MS/MS analysis to identify Rhes-interacting proteins. (C) Venn diagram 
showing the number of proteins identified with at least two peptides across three conditions: EGFP, EGFP-Rhes WT, and EGFP-Rhes C263S (n = 3 per group). (D) STRING 
network analysis of proteins uniquely interacting with EGFP-Rhes WT reveals a subset of membrane-associated proteins . (E) Table summarizing the functional enrichment 
of proteins shown in (D), categorized by biological process, molecular function, and cellular component.
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glycosylated (27) and contain several conserved SUMO and ubiqui-
tin sites, which may account for its mobility shifts.

To further assess whether the interaction between Rhes and 
Slc4a7 is direct, we copurified hemagglutinin (HA)–SLC4A7 and EGFP-
RASD2 from human embryonic kidney (HEK) 293 Expi cells, a 
high-yield expression system that enables efficient production of 
recombinant proteins for biochemical analysis. HA nanobeads co-
precipitated EGFP-RASD2, and, conversely, EGFP nanobeads pulled 
down HA-SLC4A7, suggesting a reciprocal and likely direct interac-
tion between the two proteins (Fig. 7C). To further validate this in-
teraction, we independently purified HA-SLC4A7 and EGFP-RASD2 
from HEK293 Expi cells. Purified HA-SLC4A7 was incubated with 

EGFP-nanobody beads bound to either EGFP-RASD2 or used as a 
nanobody bead control. The results showed that HA-SLC4A7 spe-
cifically associated with EGFP-RASD2 but not with the nanobody 
bead control (Fig. 7D), indicating a direct interaction between the 
two proteins in vitro.

Last, to confirm the interaction between Rhes and Slc4a7 in liv-
ing cells, we developed a bioluminescence resonance energy transfer 
(BRET) assay using NanoLuc (NLuc) fused to SLC4A7 and HaloTag 
fused to Rhes (Fig. 7E). Upon addition of a fluorescent HaloTag li-
gand (acceptor), energy transfer occurs from the NLuc donor to the 
acceptor only if the two proteins are in close proximity, producing a 
measurable BRET signal. As shown in the time-course plot (Fig. 7F), 

Fig. 4. Slc4a7 mediates Rhes-induced TNT formation. (A) Top 10 unique membrane-associated interactors of Rhes identified by LC-MS/MS analysis, ranked by peptide 
count. (B) Quantification of TNTs in striatal neuronal cells following siRNA-mediated knockdown of eight selected interactors from (A), showing the number of TNTs per 
50 cells (n = 3). (C) Representative confocal images of striatal neurons stably expressing EGFP-Rhes following 72-hour transfection with Slc4a7 siRNA. Arrowheads and 
insets highlight TNTs between neighboring cells. (D and E) Efficiency of Slc4a7 knockdown was validated by immunoblotting with anti-Slc4a7 and anti-GAPDH antibodies 
(D), followed by densitometric quantification of Slc4a7 levels (E). (F) Quantification of TNTs from (C), reported as TNTs per 100 cells (n = 3). (G) Representative confocal 
images of striatal neurons stably expressing EGFP-Rhes treated with vehicle [dimethyl sulfoxide (DMSO)] or the Slc4a7 inhibitor DIDS (100 μM) for 4 to 5 hours. Arrowheads 
and insets mark TNTs. (H) Quantification of TNTs from (G), reported as TNTs per 100 cells (n = 3). Data are presented as means ± SEM from three independent experiments; *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; Student’s t test.
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cells expressing NLuc-SLC4A7 and Halo-Rhes exhibited a stable 
BRET signal in the presence of the acceptor, while vehicle-treated 
controls showed minimal signal. Quantification of the BRET ratio 
(Fig. 7G) revealed a significant increase in energy transfer in the 
presence of the acceptor, confirming a close physical interaction 
between Rhes and SLC4A7 in live cells. Because of the lack of a 
suitable antibody to study this interaction in the brain, we performed 

coimmunoprecipitation (co-IP) analysis using purified HA-SLC4A7 
and mouse striatal lysates. HA-SLC4A7 bound robustly to endoge-
nous Rhes, suggesting that this interaction can occur endogenously 
in the brain (Fig. 7H). Together, these experiments demonstrate 
that Rhes closely interacts with SLC4A7 and reinforces the func-
tional relevance of their interaction in the context of Rhes-mediated 
TNT formation.

Fig. 5. Rhes and Slc4a7 function in the same molecular complex to regulate TNT formation. (A) Confocal images of U87-MG cells treated with siRNA targeting RASD2, 
SLC4A7, or both. Cells were stained with Phalloidin 72 hours posttransfection to visualize TNTs (arrowheads). (B) Fold change in RASD2 and SLC4A7 mRNA expression was 
assessed by qPCR and normalized to GAPDH. (C) Quantification of TNTs from (A) (TNTs/100 cells, n = 3). (D) Confocal images of U87-MG cells expressing EGFP, EGFP-Rhes, 
or EGFP-Rhes C263S and treated with either DMSO or DIDS. Arrowheads indicate TNTs between cells. (E) TNT quantification from (D) (TNTs/100 cells, n = 3). Data are pre-
sented as means ± SEM from three independent experiments; ***P < 0.001, ****P < 0.0001; Student’s t test.
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Rhes binds Slc4a7 via GTP-binding and SUMO E3–like 
domains and alters membrane pH through Slc4a7
Next, we performed domain mapping to define the regions of Rhes 
required for interaction with SLC4A7. Glutathione S-transferase 
(GST) pull-down assays using Rhes truncation mutants revealed 
that both the N-terminal GTP-binding region (residues 1 to 107) 
and the C-terminal region (residues 171 to 266), which includes the 
predicted SUMO E3–like domain, contribute to SLC4A7 binding 
(Fig. 8, A and B). Slc4a7 deletion constructs lacking either the N-
terminal or C-terminal region still retained the ability to bind Rhes 
(Fig. 8C), suggesting that Rhes may associate with internal domains 
of Slc4a7. These results indicate that Rhes engages Slc4a7 through 
multiple binding interfaces, with contributions from both its GTP-
binding and C-terminal regions (Fig. 8D). This dual-site interaction 
may underlie a stable and functionally adaptable association be-
tween the two proteins. The GTP-binding domain may anchor Rhes 
to membrane compartments or regulate conformational dynamics, 
while the SUMO E3–like region may coordinate downstream signal-
ing events or posttranslational modifications, such as SUMOylation. 
It remains unclear why shorter N-terminal truncations (1 to 71 and 
1 to 106) bind SLC4A7, whereas the longer 1 to 216 does not, pos-
sibly because of differences in folding, activity, or membrane inte-
gration (Fig. 8D). Together, these findings point to a molecular 
mechanism by which Rhes recruits and regulates Slc4a7 to facilitate 
TNT formation and intercellular cargo transfer.

Slc4a7 regulates intracellular pH (16, 24). To determine whether 
Rhes affects membrane-associated pH, we used a ratiometric pH-
sensitive reporter construct, Lyn-mCherry-SEpHluorin (Fig. 8F) (28–
30), where mCherry serves as a pH-insensitive control and SEpHluorin 
responds to pH changes. Cells were transfected with either blue fluo-
rescent protein (BFP) or BFP-Rhes and treated with control or Slc4a7 
siRNA (Fig. 8F) (23, 24). Subsequently, a pH calibration curve was 

generated in U-87 cells expressing Lyn-tagged mCherry-SEpHluorin by 
exposing the cells to buffers ranging from pH 4.5 to 7.5 (fig. S5, A 
and B). Live-cell imaging revealed that BFP-Rhes expression in-
creased the SEpHluorin/Lyn-mCherry fluorescence ratio compared 
with the BFP control, indicating a shift toward a more alkaline 
membrane–associated pH (Fig. 8, F to I). This effect was significant-
ly reduced upon Slc4a7 depletion (Fig.  8, F to I), suggesting that 
Rhes alters membrane pH in an Slc4a7-dependent manner. Consis-
tent with this, treatment with the Slc4a7 inhibitor DIDS produced a 
similar reduction in membrane alkalinization (fig. S5, C and D).

Notably, Lyn-tagged mCherry and SEpHluorin fluorescence sig-
nals were markedly enriched at the base of TNTs, indicating local-
ized accumulation at sites of active membrane remodeling during 
TNT formation (Fig. 8G). This enrichment likely reflects the plasma 
membrane association of the Lyn-mCherry tag and SEpHluorin. 
However, immunoblot analysis of membrane-enriched fractions 
showed no overall change in SEpHluorin protein levels, suggesting 
that the observed effect is spatial rather than due to altered protein 
abundance (fig. S5, E and F). These results support a role for Rhes in 
modulating local pH at the membrane, potentially through its inter-
action with the bicarbonate transporter Slc4a7.

pH modulation is required for TNT formation but not 
Rhes-Slc4a7 binding, whereas Rhes farnesylation is 
essential for both
Next, we investigated whether Rhes binding to Slc4a7 is influenced 
by Slc4a7 activity. We performed GST pull-down assays in the pres-
ence of the anion transport inhibitor DIDS that directly affects pH 
(Fig. 9A) (31). EGFP-Slc4a7 robustly coprecipitated with GST-Rhes 
across all DIDS concentrations tested, indicating that inhibition of 
Slc4a7 activity does not disrupt its physical interaction with Rhes 
(Fig.  9A). However, DIDS treatment markedly reduced both the 

Fig. 6. Rhes colocalizes with Slc4a7 in TNTs and at TNT base. (A) Representative confocal (left) and STED (right) images of striatal neuronal cells reveal colocalization of 
Halo-Rhes (red) and Slc4a7 (green) within TNT-like structures. (B) Fluorescence intensity line scan across a TNT-like structure shows the spatial distribution of Rhes and 
Slc4a7 signals. Rhes exhibits a broader localization (FWHM = 78 ± 15 nm) compared to the more confined signal of Slc4a7 (FWHM = 104 ± 11 nm), indicating differential 
membrane association. (C and D) Representative confocal images of striatal neuronal cells showing mCherry-Rhes (red) and Slc4a7 (green) localized along the TNT and at 
plasma membrane (TNT base) (C), with colocalization quantified by Pearson’s coefficient (D). Values represent means ± SEM (n = 20).
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Fig. 7. Rhes directly interacts with Slc4a7 in cultured cells and in mouse brain tissue. (A) Immunoprecipitation of EGFP, EGFP-Rhes WT, and EGFP-Rhes C263S from 
striatal neuronal lysates followed by immunoblotting for endogenous Slc4a7 and GFP reveals reduced Slc4a7 binding with the C263S mutant. (B) GST pull-down assay 
using GST-Rhes WT and mutants (C263S, S33N, and S87A) coexpressed with mCherry-SLC4A7 in striatal cells shows reduced interaction for specific mutants. (C) co-IP 
analysis using HA nanobeads (targeting HA-SLC4A7) and GFP nanobeads (targeting EGFP-RASD2) confirms reciprocal interaction between RASD2 and SLC4A7. (D) In vitro–
binding assay with purified proteins shows specific interaction of EGFP-RASD2, but not control GFP beads, with SLC4A7. (E) Schematic of BRET assay design using NLuc-
SLC4A7 and Halo-Rhes constructs in live striatal neuronal cells. (F) Time-course plot shows a stable BRET signal in cells coexpressing NLuc-SLC4A7 and Halo-Rhes in the 
presence of Halo ligand, but not in vehicle controls. (G) Quantification of BRET ratios confirms a significant interaction between Rhes and SLC4A7 in living cells. (H) Co-IP 
analysis using HA nanobeads (targeting purified HA-SLC4A7) and striatal mouse brain tissue lysates (targeting Rhes) confirms interaction between Rhes and SLC4A7 in 
mouse brain. Data represent means ± SEM from three independent experiments; ****P < 0.0001, Student’s t test.
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Fig. 8. Rhes binds Slc4a7 via GTP-binding and SUMO E3-like domains and modulates membrane pH via Slc4a7. (A and B) Mapping of interaction domains using 
full-length and truncated versions of Rhes, expressed amino acids either as 1-107, 1-216, 171-266 (A) or 1-71, 1-106, 171-266, 141-266 as GST-tagged proteins (B), cotrans-
fected with mCherry-SLC4A7 in striatal neuronal cells. (C) GST pull-down assay showing interaction of GST-Rhes WT with EGFP-Slc4a7 FL and deletion constructs lacking 
either the N terminus (ΔN) or C terminus (ΔC). (D) Schematic of Rhes domain architecture, including GTP-binding domains (G1 to G5), a GTP-loop, SUMO E3–like domain, 
and a C-terminal CAAX box. Binding strength with Slc4a7 is indicated using an arbitrary scale derived from pull-down assays: +++ (strong), ++ (moderate), + (weak), − (none). 
(E) Conceptual model illustrating the two-point interaction between Rhes and Slc4a7, involving both the GTPase and SUMO E3–like domains of Rhes. (F) Schematic of the 
plasma membrane–targeted pH sensor construct, Lyn-mCherry-SEpHluorin, used to detect local pH changes. (G) Representative confocal images of U-87 cells coexpress-
ing Lyn-mCherry-SEpHluorin with either BFP or BFP-Rhes in control and Slc4a7 knockdown conditions. (H) Fold change in SLC4A7 mRNA expression was assessed by qPCR 
and normalized to GAPDH. (I) Quantification of lyn-SEpHluorin/mCherry fluorescence intensity ratio at the cell periphery reveals Rhes-mediated elevation in membrane-
associated pH, which is diminished by Slc4a7 knockdown (KD). Data are presented as means ± SEM from three independent experiments (n = 30 cells per condition); 
****P < 0.0001, Student’s t test.
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number and length of Rhes-induced TNTs in a dose-dependent 
manner, without affecting their diameter (Fig.  9, B and C, and 
fig. S6, A and B), suggesting that Slc4a7 transporter activity or intra-
cellular pH is critical for TNT formation although not for its inter-
action with Rhes.

In contrast, the farnesyltransferase inhibitor lonafarnib signifi-
cantly impaired both the interaction between Rhes and Slc4a7 
(Fig. 9D) and Rhes-mediated TNT formation, reducing TNT length 
without affecting their diameter (Fig. 9, E and F, and fig. S6, C and 
D). Lonafarnib treatment led to dislocation of Rhes, but not Slc4a7, 
from the membrane, indicating a selective effect on Rhes farnesyl-
ation (Fig. 9, G and H, and fig. S7, A to C). We acknowledge how-
ever that Lonafarnib can exert its action on TNTs via other small 
GTPases. As C263S Rhes is inefficient in forming TNTs, our data 
underscore that membrane-anchored Rhes, through its cysteine 
farnesylation, is critical for interacting with Slc4a7 and regulating 
TNT biogenesis.

Slc4a7 inhibition reduces Rhes-mediated cell-to-cell 
transmission of mHTT
Rhes plays a key role in facilitating cell-to-cell transmission of 
mHTT via TNTs (10). To investigate whether Slc4a7 contributes to 
this process, we examined its localization and found that Slc4a7, like 
Rhes, colocalizes with mHTT (N171-82Q) within TNTs (Fig. 10A). 
Confocal imaging of striatal neuronal cells coexpressing Halo-Rhes, 
mCherry-mHTT, and GFP-SLC4A7 revealed TNT-like protrusions 
extending above the substrate plane, connecting neighboring cells 
(Fig. 10A). Live-cell imaging further demonstrated dynamic trans-
fer of Rhes-, mHTT-, and SLC4A7-positive puncta through these 
TNTs from one cell to another over time (Fig. 10B and movie S1), 
indicating active intercellular transport mediated by Rhes-induced 
TNTs. To directly assess the functional role of Slc4a7 in mHTT 
transfer, we conducted FACS-based coculture assays (Fig. 10C). Do-
nor Q7 striatal neuronal cells were cotransfected with mCherry-
tagged mHTT (N171-89Q) and either EGFP or EGFP-Rhes, while 
acceptor cells were transfected with BFP alone (Fig. 10C). Following 
FACS-based purification, donor and acceptor cells were cocultured 
for 24 hours in the presence of vehicle or the Slc4a7 inhibitor DIDS 
(Fig. 10C) (23, 24). FACS analysis revealed that BFP+ acceptor cells 
cocultured with EGFP-Rhes–expressing donors showed a signifi-
cant increase in the uptake of both EGFP and mCherry signals 
(Fig. 10, D and E), indicating transfer of Rhes and mHTT. This 
transfer was strongly reduced by DIDS treatment. In contrast, mini-
mal transfer was observed in cells expressing EGFP alone, with or 
without DIDS (Fig. 10, D and E). These findings indicate that Rhes 
enhances the cell-to-cell transfer of mHTT and that this process re-
quires functional Slc4a7, suggesting a cooperative role for Rhes and 
Slc4a7 in mediating TNT-based protein transfer.

Slc4a7 regulates mHTT transmission in the brain
Rhes has been shown to promote long-range mHTT propagation in 
the brain, likely via TNTs (11). Since Slc4a7 interacts with Rhes and 
supports TNT formation in vitro (Fig. 10), we tested whether it also 
contributes to mHTT spread in vivo. To assess this, we injected a 
dual-reporter lentiviral construct encoding EGFP and mCherry-
tagged mHTT separated by a P2A sequence (Fig.  11A) into the 
striatum of WT and global Slc4a7 knockout (KO) mice (Fig. 11B). 
After 12 weeks, the brain sections were analyzed for the distribution 
of EGFP and mHTT (mCherry) signals. Confocal imaging revealed 

robust mHTT spread from the injection site in WT mice, with mCherry 
signal observed up to 1000 μm away (Fig. 11, C and D). In contrast, 
Slc4a7-KO mice exhibited a marked reduction in mHTT distribution 
beyond the injection site, while EGFP expression remained largely 
restricted to the site of injection in both genotypes. Quantification 
(Fig. 11D) confirmed significantly lower mHTT signal intensity 
at 250, 500, and 1000 μm away from the injection site in Slc4a7-
KO mice compared to WT, whereas EGFP and 4′,6-diamidino-2- 
phenylindole (DAPI) (nuclei) signal intensities showed no significant 
differences across conditions. Moreover, the protein levels of mHTT 
remained unchanged between control and Slc4a7 knockdown con-
ditions (fig. S8, A to C), suggesting that Slc4a7 is unlikely to alter or 
promote degradation of mHTT protein. Collectively, these findings 
indicate that Slc4a7 is required for the long-range propagation of 
mHTT in the brain, without affecting local transgene expression or 
cell density.

DISCUSSION
We identify Slc4a7 as a previously unidentified mediator of cell-to-
cell communication, acting in concert with Rhes to promote TNT 
formation and cargo transmission. Our data show that Rhes directly 
interacts with Slc4a7 and modulates its activity, facilitating TNT-
based intercellular transport, including mHTT (Fig.  11E). This 
model proposes that the interaction between Rhes and Slc4a7 facili-
tates the formation of TNTs by coordinating membrane signaling 
and cytoskeletal dynamics. Slc4a7, a sodium-coupled bicarbonate 
transporter, brings Na+ and HCO₃− into the cell, contributing to 
localized pH modulation. Rhes, a membrane-anchored small GT-
Pase, binds to Slc4a7 through both its N- and C-terminal domains. 
While this interaction is independent of Slc4a7’s transport activity, 
it occurs at membrane sites where Slc4a7 is active. From LC-MS/ 
MS analysis, Rhes is found to associate with Plastin, a known actin-
bundling protein. This suggests that Rhes may promote actin re-
modeling at the membrane, supporting TNT formation. The model 
speculates that elevated pH, presumably due to bicarbonate influx, 
could create a favorable environment for actin polymerization (32–
34) and bundling, further aiding TNT biogenesis. However, detect-
ing TNTs in the brain remains technically challenging because of 
the limited availability of high-resolution imaging of TNT nano-
structures, the absence of definitive molecular markers, and the 
extreme fragility of TNTs under conventional fixation conditions. 
Although some mechanistic steps remain hypothetical, the model 
highlights a potential Rhes-Slc4a7-Plastin axis that links membrane-
associated signaling to TNT formation (Fig. 11E).

Slc4a7 is widely expressed in peripheral tissues and the brain, 
with highest levels observed in the cortex and hippocampus (35, 36). 
Although Rhes is enriched in the striatum, it is also present in corti-
cal and hippocampal regions (37), suggesting that Rhes-Slc4a7 in-
teraction may influence communication beyond the striatum. Slc4a7 
plays a critical role in cellular proton (H+) regulation. Its loss leads 
to hearing loss and occasional visual impairment (14, 38, 39), mimick-
ing features of Usher syndrome—a genetic disorder affecting hear-
ing and vision. However, no SLC4A7 mutations have been identified 
in patients with Usher, suggesting that while Slc4a7 dysfunction 
phenocopies the disease, it is not a direct genetic cause (40).

Rhes and Slc4a7 share overlapping functions in the brain. Ge-
netic variation in SLC4A7 is associated with susceptibility to addic-
tion in humans (41). In animal models, Slc4a7 deletion increases 
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Fig. 9. pH modulation is required for TNT formation but not Rhes–Slc4a7 binding, whereas Rhes farnesylation is essential for both. (A) Representative immunob-
lots of GST pull-down assays from striatal neuronal cells coexpressing GST-Rhes and EGFP-Slc4a7, treated with increasing concentrations of the Slc4a7 inhibitor DIDS. 
Binding of Rhes to Slc4a7 remains unaffected by DIDS. (B) Representative confocal images of striatal neuronal cells stably expressing EGFP-Rhes treated for 4 hours with 
the indicated concentrations of DIDS. Insets and arrowheads highlight TNTs connecting adjacent cells. (C) Quantification of TNTs per 100 cells from (B), showing a dose-
dependent reduction in TNT formation (n = 3). (D) GST pull-down assay showing that increasing concentrations of the farnesyltransferase inhibitor lonafarnib impair the 
interaction between GST-Rhes and EGFP-Slc4a7 in striatal neuronal cells. (E) Representative confocal images of striatal neuronal cells stably expressing EGFP-Rhes follow-
ing lonafarnib treatment. Insets and arrowheads indicate TNT structures. (F) Quantification of TNTs from (E), showing significant inhibition of TNT formation by lonafarnib 
in a dose-dependent manner (TNTs per 100 cells; n = 3). (G) Representative confocal images of striatal neuronal cells coexpressing EGFP-Rhes and mCherry-Slc4a7 follow-
ing lonafarnib treatment. Plasma membrane labeled with wheat germ agglutinin (WGA). (H) Quantification of colocalization between Rhes (green) and Slc4a7 (red) at cell 
periphery from (G) using Pearson’s coefficient (n = 20). Data represent means ± SEM from three independent experiments; *P < 0.05, ***P < 0.001, ****P < 0.0001; 
Student’s t test.
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Fig. 10. Slc4a7 inhibition reduces Rhes-mediated cell-to-cell transmission of mHTT. (A) Confocal image of striatal neuronal cell expressing Halo-Rhes, mCherry-mHTT 
(171-82Q), and GFP-Slc4a7 shows two different planes (substrate plane or above substrate). Arrow points to TNT-like cellular protrusion visible above the substrate plane 
from cell 1 to cell 2. (B) Live-cell imaging of striatal neuronal cells expressing Halo-Rhes, mCherry-HTT, and GFP-Slc4a7. Arrowheads (white) indicate Rhes-mHTT-Slc4a7–
positive puncta delivery from cell 1 to cell 2 at indicated time stamps.). See related movie S1. (C) Schematic of the coculture experimental setup used for assessing intercel-
lular transfer of mHTT in the presence or absence of Rhes and Slc4a7 activity with DIDS (100 μM). (D) FACS plot showing the gating strategy for BFP-positive striatal 
neuronal cells following coculture with cells transfected with mHTT and Rhes constructs as indicated. A total of 5000 BFP-positive cells were recorded for each condition. 
(E) Quantification of the percentage of BFP-positive cells that also exhibit GFP and mCherry fluorescence, indicating successful transfer of mHTT. Data represent means ± SEM 
from three independent experiments; **P < 0.01, ***P < 0.001; one-way analysis of variance (ANOVA).
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Fig. 11. Slc4a7 regulates mHTT spread in the brain. (A) Schematic of lentiviral (LV) vector constructs used for in vivo delivery of EGFP and mHTT. (B) Experimental de-
sign depicting stereotaxic injection of LV into the striatum of WT and Slc4a7 KO mice. (C) Representative confocal images of brain sections showing EGFP (green) and 
mHTT (red) fluorescence at the injection site and at 500-μm distance. Insets highlight perinuclear mHTT localization (arrowheads), and nuclei are stained with DAPI (blue). 
(D) Quantification of relative fluorescence intensity of mHTT (top), EGFP (middle), and DAPI (bottom) at distances of 250, 500, and 1000 μm from the injection site. mHTT 
signal spread is significantly attenuated in Slc4a7 KO mice. (E) Model showing that Rhes-Slc4a7 interaction promotes TNT formation via pH modulation and actin remod-
eling. Data represent means ± SEM; ****P < 0.0001, n.s., not significant; two-way ANOVA with Bonferroni post hoc test. a.u., arbitrary units.
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alcohol intake and affects anxiety-like locomotor behavior (14, 42). 
Similarly, Rhes deletion enhances cocaine-induced motor stimula-
tion and alters anxiety-like responses (43, 44). Both proteins also 
modulate glutamate toxicity: Slc4a7 deletion protects against N-
methyl-d-aspartate (NMDA)–induced excitotoxicity (45, 46), and 
Rhes promotes NMDA receptor–mediated toxicity, which is miti-
gated in Rhes KO models of Huntington disease (HD) (47–49).

Beyond neurological roles, both proteins are implicated in can-
cer. Slc4a7 is up-regulated in primary breast tumors and metastases 
(50, 51), and its deletion suppresses breast cancer development (52, 
53). Rhes is elevated in uveal melanoma and thyroid cancer (54); 
its depletion reduces tumor growth and metastasis (54, 55). Rhes 
and SLC4A7 also converge on mammalian target of rapamycin 
Complex 1 (mTORC1) signaling. Rhes activates mTORC1 in striatal 
neurons, contributing to l-DOPA–induced dyskinesia (56), while 
mTORC1 stimulates SLC4A7 translation in dividing cells to in-
crease bicarbonate uptake for nucleotide synthesis (57). Together, 
these pathways show how Rhes and SLC4A7 link through mTORC1 
to regulate cell growth and neurological function in both cancer and 
brain disorders.

A growing body of evidence supports a role for TNTs in cancer 
progression (58–62). TNTs mediate transfer of GTPases (e.g., Rab5, 
Rab11, and Kras), chemotherapeutic agents (e.g., daunorubicin), 
and cellular organelles including mitochondria (60, 63–68). They 
also facilitate communication between tumor cells and macro-
phages, contributing to metastasis (69). TNT-mediated transfer of 
microRNAs such as miR-155 has been shown to drive bladder can-
cer progression (70). Our findings that Rhes and Slc4a7 promote 
TNT formation suggest a broader role for these proteins in the path-
ological spread of misfolded proteins in both neurodegenerative 
diseases and cancer. While Rhes and Slc4a7 likely mediate the trans-
fer of various cellular cargos, our study specifically demonstrates 
their role in the intercellular transmission of mHTT within the 
striatum. Cell-to-cell propagation of mHTT is well-established in 
HD models and patient tissues (2). Although Slc4a7 has not been 
widely linked to neurodegeneration, it is up-regulated in Fronto-
temporal lobar degeneration (FTLD)-tau (71) and functions as a 
key Na+/HCO₃− cotransporter in the intestinal epithelium (72), an 
emerging site of gut-brain communication that may influence pro-
tein aggregation and spread (73). In addition, Rhes has been impli-
cated in promoting tau toxicity, and its abnormal localization is a 
hallmark of tauopathies (74, 75). Together, the involvement of Rhes 
in both mHTT and tau pathologies, along with its interaction with 
Slc4a7, suggests a shared mechanism facilitating protein spread and 
neurotoxicity across multiple neurodegenerative diseases. There-
fore, targeting the Rhes-Slc4a7 axis could represent a therapeutic 
strategy to disrupt TNT-mediated intercellular communication and 
limit the dissemination of pathogenic proteins in neurodegenera-
tion and cancer.

MATERIALS AND METHODS
Cell culture
Mouse STHdhQ7/Q7 striatal neuronal cells (Q7) were cultured at 
33°C in Dulbecco’s modified Eagle’s medium (DMEM; Thermo 
Fisher Scientific) supplemented with 10% fetal bovine serum (FBS), 
following previously published protocols (10). SH-SY5Y neuroblas-
toma and U-87 MG glioblastoma cells were also maintained in DMEM 
with 10% FBS. These cells were cultured at 37°C in a humidified 

incubator with 5% CO₂ and passaged every 2 to 3 days when ~80% 
confluent. Experiments were performed between passages 5 and 20.

Expi293 cells, a suspension-adapted HEK293 derivative, were 
grown in Expi293 expression medium (Thermo Fisher Scientific, 
catalog no. A1435101) under manufacturer-recommended condi-
tions. Cultures were maintained in sterile vented Erlenmeyer flasks 
(Corning) at 37°C with 8% CO₂ and shaken at 125 rpm.

The HD-iPSCs used in our study are reprogrammed from fibro-
blasts of a patient with HD carrying an expanded CAG repeat length 
of 72. This HD-specific iPSC (HD-iPSC) line was originally gener-
ated by Park et al. (76). Patient-derived HD iPSCs were cultured on 
Matrigel-coated (1:100 in cold DMEM/F12) plates in mTeSR1 me-
dium (STEMCELL Technologies, catalog no. 85850). After adding 
Matrigel, the plates are incubated at 37°C, before adding cells. iPSCs 
were passaged every 4 to 6 days using 0.5 mM EDTA (Promega, 
V4231) in phosphate-buffered saline (PBS) and maintained between 
30 and 70% confluency to avoid spontaneous differentiation. All 
cultures were maintained at 37°C in 5% CO₂.

Generation of stable cell lines
Stable cell lines expressing EGFP or EGFP-Rhes WT were generated 
in STHdhQ7/Q7, SH-SY5Y, and HD-iPSCs. For Q7 striatal neuro-
nal cells, lentiviral constructs encoding EGFP or EGFP-Rhes WT 
were obtained from VectorBuilder. Cells were infected with viral 
particles, and, 48 hours postinfection, EGFP-positive cells were sorted 
by FACS and expanded for downstream experiments.

For SH-SY5Y and HD-iPSCs, stable expression was achieved us-
ing CLYBL-targeted constructs encoding EGFP or EGFP-Rhes WT. 
These constructs also included a constitutively expressed mApple 
reporter to facilitate selection. Cells were transfected with CLYBL-
EGFP or CLYBL-EGFP-Rhes WT, and 48 hours posttransfection, 
mApple-positive cells were sorted by FACS and expanded. To in-
duce EGFP expression from the CLYBL locus, cells were treated 
with doxycycline (1 μg/ml; Sigma-Aldrich, D9891). EGFP fluores-
cence became visible approximately 24 hours postinduction, at which 
point cells were used for imaging.

Plasmid constructs
The coding sequences of EGFP and EGFP-Rhes WT were subcloned 
into the CLYBL-TO-hNGN2-BSD-mApple vector (Addgene plasmid 
#124229) between the BamHI and NruI restriction sites. Rat GFP-
Slc4a7-FL was gifted to us by S. F. Pedersen (University of Copenha-
gen). Delta N (Δ1 to 148) and Delta-C (Δ 1118 to 1254) terminal 
constructs of Slc4a7 were cloned in pEGFP-C1 vector using the re-
striction enzymes BglII and KpnI. Positive clones were confirmed by 
Sanger sequencing. Rat Rhes-WT and its deletion mutants (indicated 
in the Fig. 8) were subcloned from their respective Myc-tagged con-
structs into the plasmid Cytomegalovirus (pCMV)-GST vector back-
bone using SalI and NotI restriction enzymes. The full-length human 
Rhes was inserted into a mammalian expression vector (pCMV) con-
taining an N-terminal (His)10 -tag followed by a GFP as an expres-
sion marker and a precision protease cleavage site VectorBuilder.

The full-length human SLC4A7 was inserted into a mammalian 
expression vector (pCMV) containing an N-terminal HA tag fol-
lowed by an mCherry as an expression marker and a precision 
protease site (VectorBuilder). The full-length human RASD2 was 
inserted into a mammalian expression vector (pCMV) containing 
an N-terminal EGFP tag an expression marker and a precision pro-
tease site (VectorBuilder).
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Below is the list of primers used in the study.
CLYBL-EGFP-FP GCGGATCCATGGTGAGCAAGGGCGAGG
CLYBL-EGFP-RP GATCGCGACTTGTACAGCTCGTCCATGCC
�Delta-N-Slc4a7-FP GCAGATCTAGATCCGCTAGCATGGATG- 
GTGG
Delta-N-Slc4a7-RP GAGGTACCCATGCTAGCGGATCTGAC
Delta-C-Slc4a7-FP GCAGATCTATGGAGGCAGACGGGGCCGG
�Delta-C-Slc4a7-RP CCGGTACCAGCATCCATGTATTTTTTTG- 
ATGGTT
�Human SLC4A7-FP [quantitative polymerase chain reaction 
(qPCR)]CCAGTCGGATTCCTCTTGTTCG
Human SLC4A7-RP (qPCR)CAGACCTGTTCGCAAAGAGTGG
Human RASD2-FP (qPCR) GGGAGCCACCACAGACTC
Human RASD2-RP (qPCR) CTGGACAAAGTCTTCATCATGG
�Human [glyceraldehyde-3-phosphate dehydrogenase (GAPDH)–
FP (qPCR) AGCCACATCGCTCAGACAC
Human GAPDH-RP (qPCR) GCCCAATACGACCAAATCC

Membrane fraction isolation
To identify membrane-bound interactors of Rhes, MS was per-
formed on EGFP, EGFP-Rhes WT, and the membrane binding–
deficient mutant EGFP-Rhes C263S. Each condition was processed 
in biological triplicates.

Q7 striatal cells were seeded in 10-cm dishes and transfected 
with 8 μg of plasmid DNA using Lipofectamine 2000 (Thermo Fish-
er Scientific, catalog no. 11668027). Two 10-cm dishes were used per 
construct. At 48 hours posttransfection, membrane protein frac-
tions were isolated using the Mem-PER Plus Membrane Protein Ex-
traction Kit (Thermo Fisher Scientific, catalog no. 89842), following 
the manufacturer’s protocol.

Membrane fractions were then incubated overnight at 4°C with 
ChromoTek GFP-Trap Agarose beads (catalog no. gta) to immuno-
precipitate GFP-tagged proteins and their interactors. The next day, 
the beads were washed five times with the wash buffer to remove 
nonspecific binders. Bound proteins were eluted in 2× LDS sample 
buffer (Invitrogen) supplemented with 5% β-mercaptoethanol (β-
ME), followed by heating at 95°C for 10 min. The final eluates were 
submitted to the institutional proteomics core facility for LC-MS/
MS analysis.

Mass spectrometry
Protein solutions in Laemmli sample buffer were heated at 95°C for 
10 min and then electrophoresed into a 4 to 20% Mini-PROTEAN 
TGX precast protein gels from Bio-Rad (Hercules, CA) for 10 min 
using 120 V. The gels were then stained with Coomassie for 1 hour 
and destained in water overnight. The gel section containing stacked 
proteins was cut out, and proteins were in-gel digested with trypsin 
(Pierce Biotechnology, Rockford, IL) for 1 hour at 50°C using Prote-
aseMax Surfactant trypsin enhancer following reduction and alkyla-
tion with dithiothreitol and iodoacetamide, respectively, according 
to the manufacturer’s instructions (Promega Corporation, Madison, 
WI). LC-MS/MS analysis of extracted peptides was subsequently 
carried out using an Orbitrap Fusion Tribrid mass spectrometer, fol-
lowing 2-mg capacity ZipTip (Millipore, Billerica, MA) C18 sample 
clean-up according to the manufacturer’s instructions. Peptides 
were eluted from an EASY PepMapTM RSLC C18 column (2 mm, 
100 Å, 75 mm by 50 cm, Thermo Fisher Scientific, San Jose, CA) 
into the mass spectrometer using a gradient of 5 to 25% solvent B 
(80/20 acetonitrile/water, 0.1% formic acid) in 90 min, followed by 

25 to 44% solvent B in 30 min, 44 to 80% solvent B in 0.10 min, a 
10-min hold of 80% solvent B, a return to 5% solvent B in 3 min, and 
finally with another 3-min hold of 5% solvent B. The gradient was 
then extended for the purpose of cleaning the column by increasing 
solvent B to 98% in 3 min, a 98% solvent B hold for 10 min, a return 
to 5% solvent B in 3 min, a 5% solvent B fold for 3 min, an increase 
of solvent B to 98% in 3 min, a 98% solvent B hold for 10 min, a re-
turn to 5% solvent B in 3 min, a 5% solvent B hold for 3 min, and 
finally, another increase to 98% solvent B in 3 min followed a hold of 
98% solvent B for 10 min. All flow rates were 250 nl/min, delivered 
using an nEasy-LC1000 nano LC system (Thermo Fisher Scientific, 
San Jose, CA). Solvent A consisted of 0.1% formic acid. Ions were 
created with an EASY Spray source (Thermo Fisher Scientific, San 
Jose, CA) held at 45°C using a voltage of 1.7 or 2.5 kV. Data-dependent 
scanning was performed by the Xcalibur v 4.7.69.37 software using a 
survey scan at 120,000 resolution in the Orbitrap analyzer scanning 
mass/charge ratio 380 to 2000 followed by higher-energy collisional 
dissociation MS/MS at a normalized collision energy of 30% of the 
most intense ions at maximum speed at an automatic gain control of 
1.0 × 104. Precursor ions were selected by the monoisotopic precur-
sor selection setting to peptide, and MS/MS was performed on 
charged species of two to eight charges at a resolution of 30,000. Dy-
namic exclusion was set to exclude ions once within a 25-s window. 
All scan events occurred within a 2-s specified cycle time. The MS 
analysis was performed at The Herbert Wertheim UF Scripps Insti-
tute for Biomedical Innovation & Technology, Mass Spectrometry 
and Proteomics Core Facility (RRID:SCR_023576).
Database searching
MS/MS data were analyzed using Sequest (Thermo Fisher Scientific, 
San Jose, CA, USA) within Proteome Discoverer version 2.5.0.400. 
The Sequest was set up to search the PD_Contaminants_2015_5.
fasta and UniProt Mouse filtered proteome (UP000000589, Mus 
musculus, 54,646 entries), assuming trypsin as the digestion en-
zyme. Search parameters included a fragment ion mass tolerance of 
0.020 Da and a parent ion tolerance of 10 parts per million. Carb-
amidomethylation of cysteine was set as a fixed modification, while 
oxidation of methionine, and deamidation of asparagine were con-
sidered variable modifications.
Criteria for protein identification
Scaffold (version 5.2.0; Proteome Software Inc., Portland, OR) was 
used to validate peptide and protein identifications derived from 
MS/MS analysis. Peptides were considered valid by setting an FDR 
below 1% based on Percolator’s posterior error probability method 
(77), and the same FDR cut off was also used at protein level identi-
fications (78). In addition, a minimum of two unique peptides were 
required for protein identifications. When proteins shared indistin-
guishable peptides and could not be confidently differentiated by 
MS/MS data alone, they were grouped according to the principle of 
parsimony. Proteins with overlapping peptide evidence were orga-
nized into clusters.
Data analysis
MS data from independent LC-MS/MS experiments (sample IDs: 
MS222047 aka validation experiment and MS222060 aka main pro-
teomics experiment) were analyzed to identify proteins that interact 
specifically with EGFP-Rhes WT. EGFP and EGFP-Rhes C263S mu-
tant act as negative controls to distinguish nonspecific binders. Raw 
data files were processed using Scaffold Viewer (Scaffold_5.2.0). Be-
fore analysis, all decoy entries, human-derived contaminants, kera-
tins, and albumins were manually excluded.
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Under the Quantify tab, Venn diagrams were generated to deter-
mine proteins uniquely associated with EGFP-Rhes WT. Only pro-
teins identified in at least two biological independent experiments 
were considered for further evaluation. No quantitative analysis was 
performed; the focus was on qualitative identification of unique in-
teractors.

A total of 188 high-confidence candidate unique interactors of 
EGFP-Rhes WT were identified. These proteins were further ana-
lyzed using the STRING database to explore potential protein-protein 
interaction networks. From this list, the top 10 high confidence inter-
actors that were present in at least two independent experiments 
are listed.

Transfection protocol
For transfection experiments, SH-SY5Y, U-87 MG, and Q7 cells were 
seeded in 35-mm glass-bottom dishes or appropriate culture plates 
and transfected 24 hours later with the respective plasmids using Li-
pofectamine 2000 (Thermo Fisher Scientific, catalog no. 11668027) 
or polyethylenimine (PEI) (Tocris, catalog no. 7854) following the 
manufacturer’s instructions. Cells were analyzed for EGFP expres-
sion and other downstream assays 48 hours posttransfection.

For transfection of patient-derived HD-iPSCs , transfections were 
performed using Lipofectamine Stem reagent protocols, which are 
optimized for high-efficiency delivery. Following transfection, cells 
were maintained in Neurobasal medium supplemented with B27, 
GlutaMAX. Cells were monitored for EGFP expression 24 hours 
postinduction and used for imaging for assays.

For protein production in Expi293 cells, GFP-RASD2 (Vector 
builder) plasmid and mcherry-SLC4A7 (Vector builder) were trans-
fected to 400 ml of Expi293 cells at a ratio of 1 μg/μl using PEI (1 mg/
ml) at a ratio of 1:3 for 48 hours. After incubation, the cells were pel-
leted at 4000 rpm for 5 min and stored at −80°C until purification.

For gene knockdown studies, Lipofectamine RNAiMAX (Ther-
mo Fisher Scientific, catalog no. 13778030) was used to transfect 
U-87 MG cells with siRNA (Thermo Fisher Scientific), and cells were 
harvested 72 hours posttransfection for analysis. STHdh Q7/Q7 
cells were transfected with siRNA using Lipofectamine 2000, and 
samples were collected 48 hours posttransfection for functional 
validation. For a 10-cm dish, we transfected ∼8 μg of DNA, and for 
35-mm dishes, ranging from 1 to 2 μg total DNA.

Cell viability assay
Cell viability was evaluated using the CellTiter-Glo Luminescent 
Cell Viability Assay (Promega, G7573). U-87 cells were plated in 96-
well plates and transfected with EGFP, EGFP-Rhes, or EGFP-Rhes-
C263S constructs, or with Rhes and Slc4a7 siRNAs. At 48 hours 
posttransfection for the GFP constructs and 72 hours for the siRNA 
groups, an equal volume of CellTiter-Glo reagent was added to each 
well. The plate was gently mixed and incubated for 10 min at room 
temperature to ensure complete lysis and signal stabilization. Lumi-
nescence was recorded using a plate reader, and values were normal-
ized to control samples to calculate relative cell viability.

Quantitative real-time PCR
qPCR was performed to assess the knockdown efficiency of SLC4A7 
and RASD2 in U-87 MG cells. Total RNA was isolated using TRIzol-
based method, and cDNA was synthesized using cDNA synthesis 
qScript Ultra Supermix (Quanta Bio, catalog no. 95217-025) accord-
ing to the manufacturer’s instructions.

Real-time PCR was carried out using the PowerUp SYBR Green 
Master Mix (Applied Biosystems, catalog no. A25742) on a Quant-
Studio 3 real-time PCR machine. Each reaction was run in technical 
triplicates, and data were normalized to human GAPDH expression 
as the endogenous control. Relative expression levels were calculat-
ed using the ΔCt method. Data are represented as fold change rela-
tive to control conditions.

Inhibitor treatment
U-87 MG and /Q7 cells expressing EGFP-Rhes were treated with 
DIDS (Sigma-Aldrich, catalog no. 309795-250MG) at final concen-
trations of 10, 100, 250 μM and 500 μM. Treatments were performed 
for 4 to 5 hours at 37°C for U-87 MG and 33°C for Q7 striatal neu-
ronal cells in a humidified incubator.

To assess the effect of farnesylation inhibition on TNT formation 
and Rhes-Slc4a7 interaction, Q7 striatal neuronal cells were treated 
with Lonafarnib (Sigma-Aldrich, catalog no. SML1457-5MG) at four 
different concentrations 5, 10, 20, and 100 μM for 24 hours. dimethyl 
sulfoxide (DMSO)–treated cells served as controls. Live-cell imaging 
was performed using a Zeiss LSM 990 confocal microscope to visual-
ize TNT-like structures. In addition, co-IP assays were conducted 
post-treatment to examine Rhes-Slc4a7 binding. Cell lysates were 
subjected to IP using GST beads, followed by immunoblotting to de-
tect interacting proteins.

Intracellular pH assay measurement using SEpHluorin
Intracellular pH calibration was carried out using the Intracellular pH 
Calibration Buffer Kit (Thermo Fisher Scientific, catalog no. P35379). 
U-87 cells were transfected with the Lyn-mCherry-SEpHluorin 
construct and imaged 48 hours posttransfection. Cells were treated 
with calibration buffers of known pH values (4.5, 5.5, 6.5, and 7.5) 
containing nigericin and valinomycin to equalize intracellular and 
extracellular pH, as recommended by the manufacturer’s protocol. 
Confocal imaging was performed using a Zeiss LSM 990 micro-
scope, and the SEpHluorin (GFP channel) to mCherry fluorescence 
ratio at the cell cortex was determined for each pH condition to gen-
erate a standard calibration curve.

To assess changes in intracellular pH upon Slc4a7 knockdown or 
inhibition by DIDS in presence and absence of Rhes, U-87 or Q7 
cells were transfected with the pH sensor construct Lyn-tailed 
mCherry-SEpHluorin (Addgene plasmid #32002) gifted to us by 
S. Falsig Pedersen (University of Copenhagen), which encodes a 
membrane-targeted dual-fluorophore fusion protein. This construct 
combines mCherry (a pH-insensitive red fluorophore) and super 
ecliptic pHluorin (SEpHluorin), a pH-sensitive GFP variant whose 
fluorescence decreases under acidic conditions.

To measure intracellular pH changes in U-87 cells upon Slc4a7 
depletion, cells were first transfected with control or Slc4a7-specific 
siRNAs. Twenty-four hours postcotransfection with Lyn-mCherry-
SEpHluorin and either BFP (control) or BFP-Rhes plasmids using 
Lipofectamine 2000. Forty hours posttransfection, cells were treat-
ed with either vehicle control (DMSO) or 100 μM DIDS for 4 to 
5 hours.

At 48 hours posttransfection, confocal imaging was performed us-
ing Olympus FV3000 with a 63× oil immersion objective. For quanti-
fication, integrated fluorescence intensity of both GFP (SEpHluorin) 
and mCherry at the plasma membrane was measured using ImageJ. 
The GFP/mCherry fluorescence ratio was calculated for each cell, with 
mCherry serving as an internal normalization control.
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Quantification was performed on 30 cells per condition, aver-
aged across three independent experiments. Reduced GFP/mCher-
ry ratios were interpreted as indicative of intracellular acidification.

Cellular imaging protocol
To visualize the actin cytoskeleton in U-87 MG cells, Alexa Fluor 647 
Phalloidin (Thermo Fisher Scientific, catalog no. A30107) was used 
at a 1:400 dilution. Fixation was performed using a protocol opti-
mized to preserve TNTs (79). Cells were first fixed in 4% paraformal-
dehyde (PFA; Electron Microscopy Sciences, catalog no. 15714) with 
0.2 M HEPES (Thermo Fisher Scientific, catalog no. CAS 7365-45-9) 
in PBS for 15 min, followed by a second fixation in 5 mM dithiobis-
propionimidate (Thermo Fisher Scientific, catalog no. PI20665) with 
25 mM Hepes for another 15 min.

After fixation, cells were permeabilized using 0.1% Triton X-100 
in PBS for min, washed, and incubated in blocking buffer (5% nor-
mal horse serum in PBS-Tween with 1% bovine serum albumin) for 
1 hour at room temperature. Phalloidin staining was carried out 
overnight at 4°C in a humidified chamber. Coverslips were washed 
and mounted with antifade mounting medium (stored at 4°C).

To visualize Halo-Rhes for STED imaging, Q7 striatal cells tran-
siently expressing Halo-Rhes, and GFP-Slc4a7 constructs were in-
cubated with Janelia Fluor 646 HaloTag ligand (catalog no. HT106A, 
Promega) at a dilution of 1:400. The ligand was added directly to the 
culture medium, and cells were incubated for 1 hour at 33°C . Fol-
lowing incubation, cells were washed twice with 1× PBS to remove 
unbound ligand and were immediately taken for imaging. For live-
cell imaging, DMEM was replaced with live-cell imaging solution 
(Invitrogen, catalog no. A14291DJ).

To visualize the plasma membrane, cells were stained with wheat 
germ agglutinin (WGA) conjugated to Alexa Fluor 647 (Thermo 
Fisher Scientific, catalog no. W32466). Live cells were incubated 
with WGA (0.5 μg/ml in culture medium) for 5 min at room tem-
perature, gently washed with PBS to remove unbound dye, and im-
mediately imaged using a Zeiss LSM 990 confocal microscope.

IP and immunoblotting
For co-IP assays, Q7 striatal cell lysates were prepared using IP lysis 
buffer [50 mM tris (pH 7.8), 150 mM NaCl, 10% glycerol, 1% Triton 
X-100 with protease inhibitor, and phosphatase inhibitors]. To as-
sess protein-protein interactions, GFP pull-down was performed 
using GFP-Trap agarose beads (Chromotek), and GST pull-down 
was done using glutathione Sepharose beads (GE Healthcare). Ly-
sates were incubated with beads overnight at 4°C with gentle rota-
tion. After incubation, beads were washed thoroughly with wash 
buffer [50 mM tris (pH 7.8), 150 mM NaCl, 10% glycerol, and 1% 
Triton X-100], and bound proteins were eluted using 2× LDS sam-
ple buffer supplemented with β-ME and boiled at 95°C for 5 min.

For immunoblotting, protein samples were loaded on SDS–
polyacrylamide gel electrophoresis and transferred onto a polyvi-
nylidene difluoride membrane. Membranes were incubated with 
specific primary antibodies (at 4°C overnight), followed by second-
ary antibodies (at room temperature for 1 hour). The antibodies 
used were anti-Slc4a7 (Invitrogen, catalog no. PA5-75807, 1: 2000), 
anti-GAPDH (Santa Cruz Biotechnology, catalog no. SC-32233, 1: 
5000), anti-GST (Santa Cruz Biotechnology, SC-138, 1:5000), anti-
GFP (Santa Cruz Biotechnology, catalog no. SC-9993), anti-Myc 
(Santa Cruz Biotechnology, catalog no. SC-40-9E10, 1:5000), anti-
actin (Santa Cruz Biotechnology, catalog no. SC-47778, 1:10,000), 

anti-mouse immunoglobulin G–horseradish peroxidase (IgG-HRP, 
the Jackson Laboratory, 1:10,000), and anti-rabbit IgG-HRP (the 
Jackson Laboratory, 1:10,000). Protein bands were visualized using 
enhanced chemiluminescence reagents and detected using the Azure 
Biosystems imaging system.

Flow cytometry
We conducted FACS-based assays to study mHTT intercellular 
transfer via Rhes-TNTs and to test whether TNTs are open-ended 
structures for cytosolic exchange. To prepare FACS samples, cells 
were harvested 48 hours posttransfection, trypsinized, and resus-
pended in FACS buffer containing 25 mM HEPES, deoxyribonuclease 
I (10 U/ml), 5 mM EDTA, and 2% FBS in Ca2+/Mg2+-free Dulbecco’s 
phosphate-buffered saline (DPBS). Single-cell suspensions were fil-
tered through 40-μm nylon mesh and sorted using a FACSAria sorter 
(BD Biosciences). Sorted cells were cocultured at 1:1 ratio in 12-well 
plates for 24 hours. Following coculture, the cells were trypsinized, 
washed in DPBS, and analyzed using BD LSR Fortessa flow cy-
tometer. Data were compensated using single-color controls and 
analyzed using FlowJo software.

In TNT-mediated transport assays, BFP-C1–transfected striatal 
cells (acceptor) were sorted after 48 hours. In parallel, donor cells 
were cotransfected with GFP  +  mCherry mHTT or GFP-Rhes + 
mCherry mHTT (4 μg each) in two 10-cm dishes for each, sorted as 
double-positive cells, and cocultured with BFP+ cells for 24 hours. 
Transfer of tagged proteins into BFP+ cells was analyzed by gating 
for GFP/mCherry signal in the BFP+ population.

To assess open-ended TNTs, we used split-GFP constructs. Q7 
cells were transfected with CD63-7G11-IRES-CFP and G10-IRES-
mCherry in two 10-cm dishes for each. Preculture mixtures showed 
no GFP fluorescence, confirming the absence of self-assembly. Fol-
lowing FACS based on CFP and mCherry expression, the cells were 
cocultured. After 24 hours, the cells were analyzed by gating on 
BFP+ cells for GFP signal, which indicated functional cytosolic ex-
change via open-ended TNTs.

BRET assay
To assess the interaction between Rhes and Slc4a7, we performed a 
NanoBRET assay (Promega) based on energy transfer between a 
bioluminescent donor and a fluorescent acceptor when in close 
proximity (<10 nm). Human RHES was fused at its N terminus to 
HaloTag, and human SLC4A7 was fused at its N terminus to the 
NanoLuciferase. Constructs were cloned into mammalian expres-
sion vectors under the control of a EF1 promoter (Vector builder). 
The HaloTag was labeled with the HaloTag 618 ligand (Promega, 
catalog no. G9801) to serve as fluorescent acceptor. Striatal neuronal 
were maintained in DMEM (Gibco) supplemented with 10% FBS 
and 1% penicillin-streptomycin at 33°C in a humidified atmosphere 
with 5% CO₂. For BRET assays, cells were plated in 96-well white 
opaque-bottom plates (Thermo Fisher Scientific, catalog no. 15052) 
at a density of 2 × 104 cells per well. After 16 hours, cells were co-
transfected with 50 ng of Halo-Rhes and 50 ng of NLuc-SLC4A7-
NLuc plasmids in Opti-MEM (Thermo Fisher Scientific, catalog no. 
31985062) using PEI transfection reagent (1:3 ratio). Control cells 
received only donor or acceptor constructs as needed. At 24 hours 
posttransfection, the cells were added with DMSO (0.1%) or with 
HaloTag 618 ligand (1:500, Promega) for overnight at 33°C, fol-
lowed by two washes with PBS, and incubation NLuc substrate furima-
zine (Promega, catalog no. N113A) was added at a final concentration 
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of 10 μM, and BRET measurements were taken within 10 min using 
a microplate reader (Flexistation 3, Molecular probes). Emission sig-
nals were collected at 460 nm (donor) and 618 nm (acceptor). The 
BRET ratio was calculated as the intensity of the acceptor emission 
(618 nm) divided by the donor emission (460 nm), after subtraction 
of background signal from donor-only transfected cells. BRET curves 
were generated by plotting the BRET ratio versus the acceptor/donor 
expression ratio (estimated from fluorescence and luminescence in-
tensities, respectively) comparing DMSO and Halo-Tag–treated 
cells. Data were plotting using GraphPad Prism software.

Protein purification, in vitro interaction, and striatal 
Rhes binding
Protein purification from Expi293 cells was carried out by dissolving 
the pellet in the ice-cold lysis buffer [50 mM tris (pH 7.8), 150 mM 
NaCl, 10% glycerol, and 1% Triton X-100 with protease inhibitor 
cocktail] followed by sonication of samples for 4 min (5 s on and 
10 s off) and centrifuged at 18,000 rpm for 1 hour. The supernatant 
was bound to GFP nano beads and HA nano beads for RASD2 and 
SLC4A7, respectively, overnight at 4°C and the beads were washed 
three times for 30 min with the wash buffer [50 mM tris (pH 7.8), 
150 mM NaCl, 10% glycerol, and 1% Triton X-100]. After washing, 
the cleavage was done with precision protease overnight. Next day, the 
precision protease was removed after binding with glutathione resin 
for 4 hours, centrifuged at 2500 rpm for 5 min, and the supernatant 
contains the cleaved protein.

For the in vitro–binding assay, an equimolar concentration of re-
combinant purified SLC4A7 was incubated with EGFP Rhes over-
night at 4°C and SLC4A7 was detected by Western blotting with 
SLC4A7 antibody (1:2000 Invitrogen). The control for the experi-
ment was GFP nanobead incubated with cleaved SLC4A7. The input 
was cleaved SLC4A7 protein.

To examine the interaction between Slc4a7 and striatal Rhes, 
striatal lysates from WT mice were prepared in tris IP buffer [50 mM 
tris (pH 7.8), 150 mM NaCl, 1% Triton X-100, and 10% glycerol] 
containing protease and phosphatase inhibitors. Each reaction con-
tained 0.2 mg of lysate, 10 μg of purified HA-Slc4a7, and 15 μl of HA 
nanobeads in a total volume of 1 ml, incubated at 4°C overnight. The 
complexes were then washed three times with tris IP buffer (without 
inhibitors) and eluted using 25 μl of 2× LDS buffer. As a control, 
lysates were incubated with HA nanobeads alone under identical 
conditions, without the addition of purified HA-Slc4a7.

Confocal and STED imaging and analysis
All fluorescent confocal images were acquired using either an Olympus 
FV3000 or a Zeiss LSM 990 confocal microscope equipped with a 63× 
oil immersion objective [numerical aperture (NA) 1.4]. Fluorophores 
were excited using a 488-nm argon ion laser (for GFP channel) and 
a 633-nm diode-pumped solid-state laser (for far-red fluorophore). 
TNT-like protrusions were imaged using a Z-step size of 0.27 μm, 
optimized to capture the entire three-dimensional (3D) cellular vol-
ume. Image processing for datasets acquired on the Zeiss 990 was 
performed using ZEN Black, while images from the Olympus FV3000 
were processed using FV31S-DT software. For TNT quantification, 
only protrusions that directly connected two distinct cells and were 
above the substratum were counted.

TNTs were identified in confocal images acquired using either a 
Zeiss LSM 990 or Olympus FV3000 microscope. Structures were clas-
sified as TNTs only if they were (i) suspended above the substratum, 

(ii) clearly connecting two cells, and (iii) within a diameter range of 
150 to 300 nm. Image z-stacks were analyzed using ZEN Blue or 
FV31S-DT software to confirm that the structures were not attached 
to the culture surface. TNT length (defined as the distance between 
connected cells) and diameter (measured at the midpoint) were quan-
tified using the line measurement tool in ZEN Blue. Multiple TNTs 
were analyzed per field across independent experiments, with at least 
50 TNTs measured per group.

STED images were acquired with an Abberior microscope con-
trolled by Imspector software (Abberior Instruments). STED laser 
lines 488 and 640 nm were used for excitation. Cells were imaged 
with a 60× NA = 1.4 P-Apo oil objective. Imspector software was 
used to analyze STED images and to calculate FWHM values.

Time-lapse fluorescence imaging was performed using a Zeiss 
LSM 990 Airyscan microscope with a 63×/1.4 NA oil DIC M27 ob-
jective. Cells were kept in live-cell imaging solution (Life technolo-
gies, catalog no. A59688DJ) and maintained in a 35-mm glass-bottom 
dish within a live-cell environmental chamber at 33°C, 5% CO₂, and 
80% humidity. Excitation lasers at 488, 561, and 639 nm were used, 
with images acquired every 2 min. A Z-step size of 150.6 nm was 
used to capture regions above and below the TNTs without imaging 
below the substratum. Image processing, including 3D Airyscan re-
construction and maximum intensity orthogonal projections, was 
performed using Zeiss Zen Blue 3.12 software.

Colocalization analysis
Colocalization analysis was performed using ZEN Blue software 
(Zeiss LSM 990). For each image, single confocal planes were exam-
ined to assess the spatial relationship between the two fluorescent 
signals in defined regions. Regions of interest (ROIs) were manually 
selected at the TNT base, along the TNT shaft, and at the cell cortex. 
Pearson’s correlation coefficient was calculated for each ROI to quan-
tify the degree of signal overlap between the two fluorophores.

Stereotaxic surgery and lentiviral injection
Stereotaxic injections were performed on adult Slc4a7-KO mice (six 
male and six female) and WT (eight male and seven female) mice (8 
to 10 weeks old). Animals were housed in groups of three to five 
under a 12-hour light/dark cycle with unrestricted access to food 
and water. All procedures complied with the 3R principles (replace-
ment, reduction, and refinement) and were approved by the Institu-
tional Animal Care and Use Committee at The Herbert Wertheim 
UF Scripps Institute, Florida (IACUC number: 15-019). Intrastriatal 
delivery of lentivirus was carried out using established stereotaxic 
coordinates from prior studies (11). During surgery, mice were anes-
thetized with isoflurane delivered in oxygen and secured in a stereo-
taxic apparatus (David Kopf Instruments). A unilateral injection 
into the striatum was performed at coordinates as follows: Mediolat-
eral ±1.6 mm, Anteroposterior +1.0 mm, and Dorsoventral −3.6 mm 
relative to bregma. A total volume of 0.5 μl of virus was infused. The 
lentivirus used was GFP-P2A-mCherry HTT N171-89Q (nine for 
WT and seven for KO, mixed sex) at a concentration of 1.0 × 1012 gc/
ml, or GFP-P2A-mCherry HTTN171-18Q (six for WT and five for 
KO, mixed sex) at a concentration of 1.0 × 1012 gc/ml.

Tissue fixation and preparation for imaging
To preserve endogenous fluorescence, tissue was processed with 
minimal handling. Eight weeks post–stereotaxic injection, mice 
were deeply anesthetized and transcardially perfused with 10 ml of 
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ice-cold saline at a flow rate of 1.5 ml/min, followed by 10 ml of 4% 
PFA at the same rate. Brains were harvested and postfixed overnight 
in 4% PFA at 4°C and then cryoprotected using a sucrose gradient 
(10, 20, and 30% in PBS). Tissues were embedded in Tissue-Tek 
OCT compound (Sakura) and sectioned coronally at 20-μm thick-
ness. Sections were mounted on Superfrost/Plus slides, counterstained 
with DAPI, and coverslipped using Fluoromount-G (Thermo Fisher 
Scientific). Imaging was performed using a Zeiss LSM 880 confocal 
microscope, and images were processed using ZEN software (Zeiss).

Statistical analysis
Data are presented as means ± SEM as indicated in figure legends. 
All experiments were performed at least three times. The statistical 
comparison was performed between groups using one-way analysis 
of variance (ANOVA), two-way ANOVA, and Student’s t test as in-
dicated in figure legends, and significance values were set at P < 0.05, 
using Graph Pad Prism9.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Legend for movie S1
Legend for dataset S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
Dataset S1
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