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Mutations within the transmembrane domains (TMDs) of single-pass transmembrane
receptors often cause aberrant, ligand-independent receptor signaling associated with
diverse malignancies, but their mechanism of action remains largely unknown. These
TMD mutations are generally not targetable as they are buried in the membrane.
Here, we determined the mechanism of a gain-of-function (GOF) TMD mutation of
interleukin-7 receptor (IL-7R) associated with T cell acute lymphoblastic leukemia and
addressed the possibility of directly targeting the TMD mutation by using rationally
designed transmembrane helices to restore order to uncontrolled signaling. We find
that the GOF mutation of IL-7R severely shifts the TMD homodimerization interface,
causing the receptor to homodimerize in a geometry that activates downstream sign-
aling independent of ligand. Designed transmembrane helices that interfere with the
new interface, delivered with mRNA technology, selectively block ligand-independent
but not ligand-dependent signaling. Our study provides a conceptual framework for
understanding and repairing disease-causing TMD mutations of single-pass cytokine
receptors.

IL-7R | oncogenic transmembrane mutation | disease mechanism | therapeutic design

Many single-pass cytokine and growth factor receptors harbor mutations in the trans-
membrane domain (TMD) that cause ligand-independent receptor activation and diseases.
These mutations are often not cysteine substitutions that could force receptor oligomer-
ization via disulfide formation. Hence, their effect on signaling should be attributed to
changes in conformation and/or oligomerization. Delineating the disease mechanism of
these mutations necessitates a deeper understanding of receptor mechanism beyond
ligand-induced conformational changes, which may provide previously unrecognized
opportunities for therapeutic interventions.

The first report of a single-pass transmembrane (TM) receptor harboring a major
oncogenic TMD mutation was on the neu/p185 receptor (rat equivalent of the human
erb-b2 receptor tyrosine kinase HER2), of which the residue V664 in the TMD is mutated
to Glu (1). Analogous oncogenic TMD mutation V659E in human HER2 has also been
identified to be an oncogenic driver of lung adenocarcinomas and is associated with poor
prognosis in non—small lung carcinoma patients (2). Unexpectedly, these charge-introducing
mutations within the membrane, which are generally perceived as disruptive, can cause
constitutive activation of neu and HER?2, respectively (1, 2). Although the precise mech-
anism of the TMD mutations remains elusive, the findings suggested that the receptor
TMD is not merely a membrane anchor but plays an active role in receptor dimerization
and activation (2). Selective inhibition of TMD mutation-induced oncogenic signaling
remains an unsolved problem.

In addition to receptor tyrosine kinases, oncogenic noncysteine mutations in the TMD
have been identified in several class I cytokine receptors. A S505N mutation in the throm-
bopoietin receptor (TpoR) results in constitutive TpoR activation and essential throm-
bocythemia (3, 4). This mutation is believed to promote a mode of TpoR TMD
dimerization that activates downstream signaling independent of thrombopoietin (5).
TMD mutations leading to ligand-independent signaling have also been reported for
members of the common y-chain (yc; also known as IL-2Ry) family of interleukin recep-
tors. For example, a recurrent hotspot mutation 1242N in the IL-4R TMD was found in
patients with primary mediastinal large B cell lymphoma and can lead to JAK/STAT
activation that does not depend on IL-4 (6).

More importantly, the TMD of IL-7R has emerged as a hotspot of oncogenic mutations
involving both cysteine and cysteine-less mutations and insertions accounting for about
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10% of IL-7R mutations associated with T cell acute lymphoblas-
tic leukemias (ALL) (7-11). IL-7R is also a member of the yc
family of cytokine receptors that plays important roles in the
development, proliferation, and homeostasis of T and B cells
(12-14). Under normal circumstances, IL-7R needs to specifically
heterodimerize with yc upon IL-7 binding to allow activation of
downstream STAT5 phosphorylation via the Janus family tyrosine
kinases JAK1 and JAK3 (14-17). A previous structural study
revealed that the TMDs of IL-7R and yc can specifically interact
in the membrane with a knob-into-hole mode of association and
this interaction synergizes with ligand-induced heterodimerization
of IL-7R and yc in activating downstream signaling (18). A trans-
membrane mutation of IL-7R (V253G) found in some patients
with ALL, however, is able to activate IL-7R without the ligand
(9, 10), possibly by directly promoting homodimerization of the
intracellular JAK1 and trans-activation (19, 20).

In this study, we sought to uncover the structural and mecha-
nistic basis by which the transmembrane mutation V253G causes
ligand-independent IL-7R signaling, and explore the possibilities
of interfering with such oncogenic signaling via rationally designed
transmembrane helices. To this end, we combined the use of
the bicelle NMR technology, single-molecule FRET, bacterial
two-hybrid assays, functional mutagenesis, as well as molecular
dynamics (MD) simulation to investigate the coupling between
the TMD structure and intracellular JAK1 activation exploited
by the disease mutation to activate the receptor without ligand.
We find that the V253G mutation can completely alter the intrin-
sic dimerizing property of the TMD, resulting in a new type of
TMD homodimerization that synergizes with auto-cross-activation
of JAK1s. By means of a transmembrane peptide antagonist, we
achieved selective inhibition of oncogenic homomeric signaling
of IL-7R V253G while not interfering with the ligand-dependent

receptor activation via yc.

Results

The V253G Mutation Caused TMD Homotypic Association
Interface to Rotate by ~170°. As mentioned above, the human IL-
7R TMD mutation induces constitutive STAT5 phosphorylation
in BaF3 cells (9), and V253 is also a hotspot for insertion
mutations (S Appendix, Fig. S1A). WT or V253G IL-7R was
expressed in BaF3 cells with or without yc, and STAT5 and
JAK1 phosphorylation were measured as an indicator of receptor
activation. Cell surface expression of WT and mutant IL-7Rs was
very similar except for modestly higher level of the mutant when
coexpressed with yc (87 Appendix, Fig. S1 B—E). Coexpression of
yc and WT IL-7R showed ~5 times stronger p-STAT5 and ~3
times stronger p-JAK1 upon IL-7 treatment (S/ Appendix, Fig. S1
Fand G), whereas V253G exhibited strong p-STATS and p-JAK1
signals in the absence of IL-7 regardless of coexpression with the yc
or not (S] Appendix, Fig. S1 Fand G). Based on the above results
and those previously reported by others (9, 10), we conclude that
the disease mutation V253G of IL-7R can activate downstream
STATS phosphorylation independently of the cognate ligand IL-
7 and such ligand-independent p-STAT5 signal appeared to be
comparable to the IL-7-induced p-STATS of the WT IL-7R in
our expressed receptor system.

To investigate the structural effect of the V253G mutation by
NMR, we reconstituted the IL-7R TMD with the point-mutation
V253G (designated IL-7Rtm-V253G) in POPC-DHPC bicelles
(81 Appendix, Fig. S2) that mimic a lipid bilayer (21-24). To avoid
biased dimerization due to disulfide bond formation, we substi-
tuted Cys261 by His, which is found at this position in mouse
and rat IL-7R variants (S/ Appendix, Fig. S3). After the assignment
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of backbone amide and sidechain methyl chemical shifts
(SI Appendix, Fig. S4), we examined dimerization contacts by
measuring NMR nuclear Overhauser effects (NOE). In this exper-
iment, uniformly N-labeled and perdeuterated IL-7Rtm-V253G
was mixed with °C-labeled IL-7Rtm-V253G for exclusive detec-
tion of NOEs between amide protons of the (®N, *H)-labeled
chain with nonlabile protons of the 3C-labeled chain (22). The
results show that the backbone amides of F250, V257, and A260
exhibited strong interchain NOEs (Fig. 14). In comparison, the
backbone amides of the WT IL-7Rem (IL-7Rem-WT) showing
strong interchain NOEs are that of L255 and L259 (Fig. 1B). The
change in interchain NOE pattern indicates that the V253G
mutation resulted in about 170° rotation of the dominant dimer-
ization interface from the L255 side to the G253 side (Fig. 1C).
Subsequent full-scale analysis of intra- and interchain NOEs deter-
mined the high-resolution structure of the IL-7Rtm-V253G
homodimer (Fig. 1D and SI Appendix, Table S1).

The IL-7Rtm-V253G dimer structure is characterized by a
right-handed helical packing mode with a packing angle of ~30°.
In the middle of the TMD, the §249-XXX-G253 sequence forms
the most intimate interhelical contact. The C-terminal ends of the
two TMDs (residue K265) in the dimer are approximately 15 A
apart. The dimeric complex appears to be largely mediated by the
small-XXX-small motif that is known to dimerize TM helix
in many other single-pass membrane proteins (25-30). The
small-XXX-small motif, however, is not the only point of close
helical packing as $249 also makes contact with the opposing helix
in the dimer interface (Fig. 1E). Overall, the structure shows that
replacing V253 with Gly has reshaped the face of the TMD involv-
ing residues 245, 249, 253, and 257 and turned it into a strongly
dimerizing interface. According to our NOE data in Fig. 14, this
new face can dimerize stronger than the one involving residues
247,251, 255, and 259 as the V253G mutation has shifted the
dominant interchain NOEs from the 1255 side to the V257 side.

Atomistic Simulations Identify Altered Stability and Structural
Organization of TMD Dimers. To investigate how the V253G
mutation alters IL-7R TMD homodimerization, we performed
MD simulations starting from three models: 1) the NMR
structure of the V253G IL-7R TMD that dimerizes at residue 253
(designated G253-interface mutant; Fig. 2A4); 2) the WT IL-7R
TMD dimerizing at residue 253, generated with back-mutation of
the V253G NMR structure while preserving the dimer interface
(designated V253-interface WT; Fig. 2B); and 3) a model of the
WT TMD dimerizing at residue 255 predicted with Boltz-2,
guided by NMR constraints of the WT in Fig. 1B (designated
L255-interface WT; Fig. 2C). All dimers were embedded in POPC
lipid bilayers with explicit solvent and ions for atomistic MD
simulations.

To compare the intrinsic stability of the dimer interfaces, we
performed thermal stability simulations, with the temperature
gradually ramped from 310 to 350 K over 200 ns (S] Appendix,
Table S2). Using the observed dissociation events from these sim-
ulations, we inferred dissociation temperatures as a measure of
relative interface stability (Fig. 2D). G253-interface mutant was
the most stable, with only one replicate dissociating across all
simulations. V253-interface WT was substantially less stable, with
all replicates dissociating by ~335 K. L255-interface WT exhibited
intermediate stability, with several replicates remaining associated
at 350 K. Overall, these quantified stability profiles suggest that
the V253G mutant is substantially more stable than WT
variants.

To explore the conformational landscape and potential inter-
conversion between interfaces, we performed extended MD
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Fig. 1. Major reorganization of the IL-7R TMD dimerization interface caused by the V253G gain-of-function mutation. (4) Strips from 3D '*N-edited NOESY-
TROSY spectra of ("°N, ?H)-labeled IL-7Rtm-V253G randomly mixed with *C-labeled IL-7Rtm-V253G showing interchain NOEs between the amide protons of
("°N, 2H)-labeled chain and nonlabile protons of the "*C-labeled chain. The spectra were recorded at 306 K at 'H frequency of 900 MHz. (B) Same type of NMR
experiment as in (A) recorded with IL-7Rtm-WT at an 800 MHz spectrometer. (C) Helical wheel representations of the homodimeric interactions of IL-7Rtm-
V253G (Top) and IL-7Rtm-WT (Bottom), showing that the V253G mutation resulted in ~170° rotation of the helical packing interface. (D) Cartoon representation
of the IL-7Rtm-V253G dimer structure. (E) Surface representation showing the dimer packing interface.

simulations at 310 K for 1 to 2 ps per replicate, with 10 inde-
pendent repeats per system (SI Appendix, Table S2). Clustering
analysis of intermolecular distances, reduced to two dimensions
via principal component analysis (PCA), identified two compact,
well-separated clusters along with dissociated states (S Appendix,
Fig. S5A). The low within-cluster RMSD compared to the higher
between-cluster RMSD confirms that each cluster represents a
distinct, well-defined conformational state (S Appendix, Fig. S5B).
The first cluster, which we call the Mutant-like cluster, corresponds
to the G253 mutant interface. The second cluster, which we call
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the WT-like cluster, corresponds to the L255 WT interface.
Analysis of cluster populations showed very limited interconver-
sion between interfaces (Fig. 2E). The G253-interface mutant
simulations remained almost entirely as the G253 interface, with
dissociation below 5%. The V253-interface WT and L.255-interface
WT simulations exhibited ~10% and ~13% dissociation, respec-
tively. Both systems largely preserved their initial interface; only
V253-interface WT showed a minor transition toward the 1255
interface (~2%). The observation that the data resolve into just
two clusters, each corresponding to an initial interface, with little
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Fig. 2. MD simulations uncover V253G-induced stabilization of IL-7R homodimers. (A-C) Cartoon representations of the G253-interface mutant and two WT
systems (V253-interface WT and L255-interface WT). The backbone is shown in cartoon and the main interfacial residues are highlighted in stick and labeled.
(D) Thermostability of dimers from temperature-scan simulations. Survival curves were estimated assuming first-order kinetics with a temperature-dependent
Arrhenius rate constant (Materials and Methods). The dissociation temperatures (corresponding to 50% survival) are indicated by hollow squares, and error bars
represent 95% Cl. Data points (circles) show observed dissociation temperatures and are projected onto the survival curves. Even though no corresponding
data points are shown, dimers that did not dissociate during the temperature scan (4/5 mutant NMR-based models, 4/21 WT modeled) still contribute to the
survival curves and thereby inform the overall stability trends. (E) Fraction of replicates in each conformational cluster (interface type) or dissociated state,
determined from clustering analysis of equilibrium MD simulations. (F-H) Contact frequency maps for Mutant-like and WT-like clusters captured in the G253-
interface mutant, V253-interface WT, and L255-interface WT systems. The color bar shown in panel G applies to all maps.

interconversion between them, indicates that these two interfaces
dominate the conformational landscape and are separated by an
energetic barrier.

Contact analysis of the clustered data reveals the molecular basis
for these distinct geometries (Fig. 2 /~H). The Mutant-like cluster
in G253-interface mutant and V253-interface WT systems are
stabilized by additional interactions at 1245, S249, 1248, 1256,
V257, and W264 (Figs. 1 A and B and 2 F and G). While the
signature contact patterns of the Mutant-like interface are cap-
tured in both WT and mutant, the WT exhibits fewer contacting
residues, likely because of the steric hindrance due to the V253
side chain (compare Fig. 2 Fand G). Notably, W264 sidechains
on the intracellular (C-terminal) side of the TMD form aromatic
stacking interactions that further stabilize this interface—a feature
not captured in the NOE spectra (Fig. 1B) and absent in the 1255
interface (Fig. 2H). In contrast, the WT-like cluster interface
exhibits a distinct contact pattern involving 1245, 1248, S252,
1255, 1259, and V262, with prominent off-diagonal contacts,
suggesting that this interface may be more malleable than the
Mutant-like interface.

Analysis of interhelical distance distributions in clustered data
reveals distinct geometries for each interface (S7 Appendix, Fig. S5
C-E). The Mutant-like cluster, in both G253-interface mutant
and V253-interface WT systems, exhibits extracellular (N-terminal)
and intracellular (C-terminal) distances centered around (8 A, 10
A), reflecting a relatively parallel helix arrangement. In contrast,
the WT-like cluster shows a broader distribution, with the most

https://doi.org/10.1073/pnas.2601748123

probable conformation near (10 A, 17 A), consistent with a more
prominent cross-like helix geometry. Because the intracellular sep-
aration determines the relative positioning of the JAKs, these
results suggest that the mutation influences not only dimer stability
but also its conformation in a manner that could support consti-
tutive activation. Collectively, these MD simulations corroborate
that the IL-7R TMD comprises two potential homodimerization
interfaces on opposite sides, and that the V253G mutation induces
a switch from the L1255 to the G253 interface.

TMD Homodimerization at V253G Is Required for Ligand-
Independent IL-7R Signaling. We next implemented two
independent biochemical experiments for validating the
dimerization interface of the V253G mutant TMD. One
experiment is based on a bacterial adenylate cyclase two-hybrid
(BACTH) assay (Fig. 34) (31). Briefly, two complementary
domains (T18 and T25) of adenylate cyclase (AC) were fused,
separately, to the TMDs under investigation. The TMD fusion
proteins were expressed in an AC deficient (CyaA) strain that
yielded white bacteria colonies by default. Stable association of
two TMDs reconstitutes AC activity, resulting in blue colonies.
Another experiment, named TOXGREEN (Fig. 3B), is based
on the expression of the super-folded Green Fluorescent Protein
(stGFP) reporter gene, which is driven by the dimerization of
the bacterial transcription factor ToXR (32). Specifically, ToXR
and MBP (maltose binding protein) are fused to the N- and
C- termini of the TMD, respectively, and the fusion protein

pnas.org
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Fig. 3. Requirement of TMD dimerization at the V253G interface by ligand-

TOXGREEN analyses, respectively, used for examining homotypic interactions

independent IL-7R signaling. (A and B) Schematic illustrations of BACTH and
of IL-7R TMD variants. For the BACTH assay, IbaG/IbaG homodimerization was

used as the positive control. For the TOXGREEN assay, glycophorin A (GpA), a classical TM dimer, was used as a positive control, while GpA-G83I, a monomeric
mutant, served as the negative control. (C) BACTH analysis of TMD interactions for IL-7R TMD variants. Blue colonies indicate interaction between the TMDs in
the bacterial inner membrane, while white colonies indicate no such interaction. (D) Quantification of BACTH colony colors normalized relative to the IbaG/IbaG
positive control. The data are shown as means + SEMs calculated from technical replicates (typically three) from three independent experiments. Statistical
significance by One-way ANOVA. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (E) TOXGREEN analysis of TMD interactions for IL-7R

TMD variants. Quantification of sfGFP activity is normalized relative to the GpA

positive control. The data are shown as means + SEMs calculated from technical

replicates (typically five to six) from three independent experiments. Statistical significance by One-way ANOVA. ns, not significant; *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. (F) Phosphorylation of STATS (p-STAT5) and JAK1 (p-JAK1) in BaF3 cells expressing WT or mutant IL-7R or coexpressing with yc. The
p-STAT5 and p-JAK1 signals were detected by immunoblotting and compared with total STAT5 and JAK1, respectively. (G and H) Quantification of p-STAT5 and
p-JAK1 signals in (F) as p-STAT5/STATS and p-JAK1/JAK1 intensity ratios, normalized to the V253G or V253G/yc. The data are shown as means + SEMs calculated
from three independent experiments. Statistical significance by One-way ANOVA. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

(ToXR-TMD-MBP) is expressed in the inner membrane of
Escherichia coli with the MBP domain placed in the periplasm and
the ToXR domain in the cytoplasm. Upon TMD dimerization,
ToXR binds to the czx promoter and activates the expression
of stGFP.

The results from both assays show that mutating 5249 to Tyr
on top of the base mutation V253G partially disrupted dimeriza-
tion by 25 to 35% (Fig. 3 C-E). Interestingly, replacing $249 with
the smaller Ala, which was considered less disruptive, exhibited
more disruptive power and reduced dimerization by 50 to 65%
(Fig. 3 C-E), suggesting that TMD dimerization is much more
complicated than van der Waals (VDW) surface complementarity.

PNAS 2026 Vol.123 No.18 2601748123

Mutating V257 to Trp almost abolished TMD dimerization
(Fig. 3 C-E), consistent with the dimer structure. These mutagen-
esis results indicate that the dimer interface of IL-7Rtm-V253G
involving $249, G253, and V257 revealed by the NMR structure
mediates the homotypic association of IL-7Rtm-V253G in cell
membrane.

To determine whether the V253G dimer interface is relevant to
ligand-independent IL-7R signaling, we evaluated the effect of the
above dimer-breaking mutations on signaling. Full-length WT
IL-7R,IL-7R-V253G, IL-7R-V253G/S249Y, IL-7R-V253G/S249A,
and IL-7R-V253G/V257W with or without yc were expressed in
BaF3 cells. Flow cytometry analysis showed that the membrane

https://doi.org/10.1073/pnas.2601748123 5 of 12
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expression levels of these IL-7R variants were nearly the same
(SI Appendix, Fig. S6). Immunoblotting results show that the
V253G mutation generated very significant ligand-independent
p-STATS and p-JAK1 signals (Fig. 3 F~H). The S249Y mutation
on top of V253G caused about 50% and 30% reduction in
p-STATS5 and p-JAK1, respectively. The S249A mutation reduced
p-STAT5 and p-JAKI signals more than S249Y (Fig. 3 F~-H),
consistent with the TMD dimerization assays (Fig. 3 C-E). The
V257W mutation on top of V253G also reduced the levels of
p-STATS and p-JAKI1 (Fig. 3 F-H). Overall, the results show
clear correlation between disruption of V253G TMD dimeriza-
tion and reduced levels of p-STATS and p-JAK1 signals, indicat-
ing that IL-7R TMD dimerization at the G253 interface is
responsible for the observed ligand-independent JAK1 and STATS
phosphorylation.

The above results have been independently validated by the
STATS luciferase reporter assay. In this assay, a BaF3 cell line stably

expressing a STAT5-responsive luciferase reporter was used to
monitor the STATS5 signaling. Consistent with the immunoblot-
ting data, all three double-point mutants showed significantly
reduced luciferase activity (SI Appendix, Fig. S7).

The V253G Mutation Causes Ligand-Independent Dimerization
of IL-7R in Live Cells. To investigate the relevance of V253G-
induced IL-7R TMD dimerization in the physiological context,
we quantified receptor diffusion and interaction in the plasma
membrane of live cells by single-molecule imaging techniques.
IL-7R fused to an N-terminal ALFA tag (ALFA-IL-7R) was
constructed, enabling highly selective cell surface labeling
using anti-ALFA tag nanobodies (ALFAnb) conjugated with
photostable fluorophores (Fig. 44). Activity analysis by phospho-
flow cytometry confirmed substantially increased p-STATS
phosphorylation activity of ALFA-IL-7R V253G compared
to WT (S Appendix, Fig. S8A). For single-molecule imaging,
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Fig. 4. Ligand-independent dimerization of IL-7R in the plasma membrane of live cells. (A) In situ detection of IL-7R V253G dimerization by single-molecule
FRET (smFRET) in live cells. IL-7R fused to an N-terminal ALFA-tag was expressed in HelLa cells and labeled in situ with anti-ALFA nanobodies conjugated with
donor fluorophore Cy3B or acceptor fluorophore ATTO 643. Dimerization was detected by ALEX-FRET TIRF imaging. (B) Representative smFRET trajectories
observed for IL-7R WT and V253G, respectively. (Scale bar, 5 um.) (C) Dimerization of IL-7R WT and V253G quantified by smFRET. Data from one representative
experiment, with each data point corresponding to the result from one cell. (D) Diffusion constants obtained from IL-7R WT and V253G donor and acceptor
channel trajectories (solid circle), and V253G-induced cotrajectories (FRET-channel; open circle). Data from one representative experiment, with each data
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Comparison of dimerization levels for different IL-7RAECD variants obtained from cotracking and smFRET detection. Data from three independent experiments,
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by Student's t test. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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cells were complemented with JAK1 lacking the tyrosine kinase
(TK) domain and fused to a C-terminal mEGFP (JAK1-ATK-
mEGFP), to ensure receptor integrity while avoiding bias caused
by downstream signal activation. HeLa cells transiently expressing
ALFA-IL-7R and JAK1-ATK-mEGFP were labeled in situ by
adding a mixture of ALFAnbs conjugated with donor and acceptor
dye, respectively.

Interrogation by total internal reflection fluorescence (TIRF)
microscopy with alternating laser excitation (ALEX) revealed indi-
vidual IL-7R at total densities < 2/um?, mostly randomly diffusing
in the plasma membrane (S Appendix, Fig. S8 B and Movie S1).
For WT IL-7R, very few, short-lived single-molecule Forster res-
onance energy transfer (smFRET) events were observed, confirm-
ing very low homodimerization propensity (Fig. 4B and Movie
S1). IL-7R V253G, however, showed a significantly higher level
of dimerization, with longer smFRET trajectories (Fig. 4B and
Movie S1). Quantitative cotracking and smFRET trajectory
length analyses confirmed enhanced dimerization levels of V253G
compared to WT IL-7R and increased dimer stability (Fig. 4C
and S Appendix, Fig. S8 C). Diffusion constants obtained by mean
squared displacement (MSD) analysis from single-molecule tra-
jectories confirmed ~40% reduced mobility for V253G-induced
IL-7R dimers as compared to the average diffusion of most mon-
omeric IL-7R WT (Fig. 4D), in line with previous observations
for other class I/1I cytokine receptor dimers (20, 33). Quantitative
smFRET efficiency analysis for IL-7R V253G dimers yielded a
distribution with peaks at 22 and 46% (Fig. 4E). This may either
indicate a broad distribution of orientations due to high flexibility
of the ectodomains or a mixture of two conformers. Localization
maps of colocalized IL-7R V253G suggest that the latter may be
the case, as trajectories with distinct smFRET efficiencies can be
discerned (Fig. 4F). However, decisive analysis of potential con-
formational dynamics is obstructed by the relatively few datapoints
within individual trajectories.

For detecting the weak, transient dimerization more robustly,
we further increased the FRET efficiency by using IL-7R with its
ectodomain replaced by a nonfluorescent monomeric enhanced
green fluorescent protein (mXFP-IL-7RAECD), which was labe-
led via anti-GFP nanobodies (SI Appendix, Fig. S8D). Activity
assays by phospho-flow cytometry showed similar responsiveness
to the V253G mutation for the mXFP-IL-7RAECD construct as
compared to ALFA-IL-7R (8] Appendix, Fig. S8A). In HeLa cells
coexpressing mXFP-tagged IL7RAECD or IL-7R-V253GAECD
together with JAK1-ATK-mEGEFP, V253G exhibited substantially
higher dimerization than WT (Fig. 4G and SI Appendix, Fig. S8E
and Movie S2). The much higher FRET efficiency of ~0.8 enabled
tracking of smFRET signals with high fidelity (S/ Appendix,
Fig. S8F and Movie S2). Thus, dimer stabilities could be more
robustly determined by smFRET trajectory length analysis, con-
firming substantially increased dimer stability for V253G as com-
pared to WT (8] Appendix, Fig. S8 H and I). Quantitative
cotracking and smFRET trajectory length analyses confirmed
enhanced dimerization levels and dimer stability for V253G as
compared to the WT (Fig. 4 Cand D and SI Appendix, Fig. S8B).
The mutations S249Y and V257W significantly weakened
V253G-induced dimerization of IL-7RAECD and reduced the
lifetime of dimers (Fig. 4G and SI Appendix, Fig. S8 G-I), in line
with their reduced activity in functional studies (Fig. 3 F~H).

To explore potential cooperation between TMD and JAK1
homotypic interactions, we compared dimerization of IL-7RAECD
WT and V253G in the presence of JAKI-ATK as well as JAK1
lacking both TK and pseudokinase (PK) domains (JAK1-APKTK).

Previous structural and functional studies have shown that

PNAS 2026 Vol.123 No.18 2601748123

productive interaction between the PK domains is relevant for
releasing the TK domain and initiating downstream signaling (19,
20, 34). Strikingly, we found significantly reduced dimerization of
IL-7RAECD V253G, but not IL-7RAECD W, upon coexpres-
sion with JAK1-APKTK (Fig. 4/), highlighting that the V253G
mutation promotes a TMD dimer geometry compatible with pro-
ductive interactions between the JAK1 PK domains.

Taken together, our smFRET results demonstrate the new
dimerization interface induced by the V253G mutation in live
cells and its synergy with JAKI dimerization between the PK
domains, which is a prerequisite for signal activation.

Distinct Activating and Inactivating Homodimerization Inter-
faces of the IL-7R TMD. The IL-7Rtm-WT at high concentration
shows specific intermolecular NOEs on the L255 face of the TMD
(Fig. 1), consistent with the MD and biochemical analyses that the
WT TMD by itself can homodimerize (Figs. 2 and 3). It is unclear,
however, whether this mode of homotypic interaction has any
functional consequences. We thus compared the effects of mutating
the G253 interface of the V253G mutant and the 1255 interface
of the WT on ligand-independent receptor signaling. Based on the
observation that the V253G mutant but not the WT shows strong
signaling in the absence of IL-7 (8] Appendix, Fig. S1 Fand G),
we hypothesized that TMD homodimerization at the G253 face is
structurally compatible with JAK1-JAK1 cross-phosphorylation,
whereas TMD homodimerization of the WT at the L.255 face is
not (Fig. 54). We first examined the effect of single mutations at
the 1255 face (F251A, 1.255Y, L255A, 1258A, L.259A) and found
that disrupting the L255 interface indeed reduced dimerization
level of IL-7R-TMD (Fig. 5B). We then tested the effect of these
mutations on STAT5 and JAK1 phosphorylation in BaF3 cells.
In the absence of IL-7, single mutations expected to disrupt the
packing at the L255 interface — F251A, 1258A, and L259A — all
exhibited substantially higher levels of p-STATS and p-JAK1 than
that of the WT (Fig. 5 C—E). These unexpected results suggest
that TMD dimerization at the 1255 face is incompatible with
JAK1-JAK1 cross-phosphorylation, as depicted in Fig. 5A.

For a direct comparison with the V253G mutant, we also tested
single mutations S249Y, S249A, and V257W on top of the V253G
mutation that alter the G253 dimerization interface. These muta-
tions all showed dramatic reduction in p-STAT'5 and p-JAK1 levels
in the absence of IL-7 (Fig. 5 F~H). The immunoblotting results
overall agree with the smFRET observation that S249Y signifi-
cantly decreased the mutant dimerization levels on the cell surface
(Fig. 4G). Addition of IL-7 could increase the level of WT receptor
signaling, due to ligand-induced pairing with endogenously
expressed yc, but not that of the single mutant V253G and double
mutants V253G/S249Y, V253G/S249A, and V253G/V257W
(Fig. 5 I-K). Thus, these mutations, despite being on the opposite
side of the 1255 interface recognized by the yc TMD (18), could
allosterically weaken IL-7R TMD interaction with the yc TMD.

Collectively, the above results suggest that the dimerization mode
of the IL-7R TMD can have profound influence on receptor activa-
tion. TMD dimerization at the G253 face can directly activate intra-
cellular JAK1/STAT' signaling without ligand binding. In contrast,
TMD dimerization at the 1255 face appears to prevent random
JAKI1-JAKI cross-activation and such autoinhibitory mechanism
may be important in scenarios of high receptor expression level and
high frequency of ligand-independent IL-7R dimerization.

Designed TM Helices Selectively Block Ligand-Independent But
Not Ligand-Dependent Signaling. The strong NOEs observed
at the homodimer interface of the V253G mutant (Fig. 14)
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Fig. 5. Activating homodimer of V253G IL-7R vs. inactivating homodimer of WT IL-7R. (A) Schematic illustration of activating homodimer of V253G IL-7R and
inactivating homodimer of WT IL-7R. In the V253G IL-7R, residues S249, V253, and 1257 form the homodimerization interface, which promotes a JAK1-JAK1
pairing configuration that leads to strong cross-phosphorylation. In contrast, the WT IL-7R forms a homodimerization interface composed of F251, L255, 1258,
and L259, which is incompatible with JAK1-JAK1 cross-phosphorylation. (B) TOXGREEN analysis of the impact of single mutations at the L255 face on IL-7R-TMD
dimerization. Quantification of sfGFP activity is normalized relative to the GpA positive control. The data are shown as means + SEMs calculated from technical
replicates (typically five to six) from three independent experiments. (C) Effect of disrupting the L255 dimerizing face on ligand-independent p-STATS and p-JAK1
signals in BaF3 cells. After 5 h of cytokine deprivation, cells expressing WT or mutant IL-7R (F251A, F258A, F259A) were treated with PBS. The p-STAT5 and p-JAK1
signals were detected by immunoblotting and compared with total STATS and JAK1, respectively. (D and E) Quantification of p-STAT5 and p-JAK1 signals in (C)
as p-STAT5/STATS and p-JAK1/JAK1 intensity ratios, normalized to the WT IL-7R. (F) Effect of disrupting the G253 dimerizing face on ligand-independent p-STAT5
and p-JAK1 signals in BaF3 cells. After 5 h of cytokine deprivation, cells expressing WT or mutant IL-7R (V253G, V253G/S249Y, V253G/S249A, V257W) were treated
with PBS. (G and H) Quantification of p-STAT5 and p-JAK1 signals in (F) as p-STAT5/STATS and p-JAK1/JAK1 intensity ratios, normalized to the V253G IL-7R. (/)
Effect of disrupting the G253 dimerizing face on ligand-dependent p-STAT5 and p-JAK1 signals in BaF3 cells. After 5 h of cytokine deprivation, cells expressing
WT or mutant IL-7R (V253G, V253G/S249Y, V253G/S249A, V257W) were treated with 50 ng/mL IL-7. (/ and K) Quantification of p-STATS5 and p-JAK1 signals in (/)
as p-STAT5/STATS and p-JAK1/JAK1 intensity ratios, normalized to the V253G IL-7R. In all quantification graphs, data are shown as means + SEMs calculated
from three independent experiments. Statistical significance by One-way ANOVA. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. PBS,
phosphate-buffered saline. s.e. = short exposure. l.e. = long exposure.
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suggest that this non-native, disease-causing interaction is specific.
Importantly, the V253G mutation drives homodimerization at
G253, whereas the native [L-7R heterodimerizes with yc at residue
L255. G253 and 1255 lie on opposite faces of the TM helix,
indicating that the two dimerizing interactions are noncompetitive,
thus offering the opportunity to design a TM peptide (TMp) to
selectively block the disease-causing homodimerization without
affecting the native heterodimerization. We then explored the
use of a TMp based on the IL-7R TMD sequence, which can
compete with TMD homodimerization of the V253G mutant
but lacks the receptor ICD necessary for signaling, thus reversing
the aberrant signaling caused by the TM mutation. Specifically,
the TMgp contained the V253G mutation for blocking IL-7R
mutant homodimerization, or ligand-independent signaling,
while simultaneously carrying an L255Y mutation for disrupting

https://doi.org/10.1073/pnas.2601748123

the pocket that interacts with the yc TMD, ensuring that it does
not interfere with ligand-dependent activation (Fig. 6A4). A signal
sequence was added to the N terminus of the TM g to direct it to
the plasma membrane upon synthesis. Moreover, a FLAG-tag after
the signal sequence was included for probing proper membrane
insertion of the TMgp with anti-FLAG antibody.

To test the above hypothesis, we used two different approaches
to deliver designed TM g, to BaF3 cells: One is lentiviral infection
with DNA encoding the TMgp; in another method, the mRNA
coding for the TMpp was delivered using LNT. For lentiviral infec-
tion, the WT TMpgp or mutants (V253G, L255Y, V253G/L255Y,
V253/S249Y) were cloned into lentiviral vector with the native
IL-7R signal sequence at the N terminus followed by a FLAG-tag,
to ensure proper membrane targeting of TMppp and for detecting
protein expression, respectively. Following lentiviral infection of
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Fig. 6. Selective interference with the oncogenic IL-7R signaling via rational helices design. (A) Schematic illustration of the TMD design concept for competitive
blocking of IL-7R V253G homodimerization and ligand-independent receptor activation but not affecting IL-7-induced signaling. (B) Immunoblot analysis of
STATS5 phosphorylation (p-STAT5) in stable BaF3 cells expressing the IL-7R V253G mutant and yc, following lentiviral transduction with WT TM,g, or mutants
(V253G, L255Y, V253G/L255Y, V253/5249Y). After 12 h of cytokine deprivation, cells were treated with PBS and collected for immunoblotting. (C) Quantification
of p-STATS5 signal in (B) as p-STAT5/STATS intensity ratios, normalized to the no-delivery control (None). (D) Immunoblot analysis of p-STATS5 in stable BaF3 cells
expressing the IL-7R V253G mutant and yc, following lentiviral transduction with WT TMg, or mutants as in (B). After 12 h of cytokine deprivation, cells were
treated with 50 ng/mL IL-7 for 2 h and collected for immunoblotting. (£) Quantification of p-STATS signal in (D) as p-STAT5/STATS intensity ratios, normalized to
the no-delivery control (None). (F) Schematic illustration of the mRNA-LNP delivery system. The mRNA encoding designed TMpg, was delivered into BaF3 cells
using lipid nanoparticles (LNPs) comprising ionizable lipids (SM-102) and auxiliary components (Top). The mRNAs were modified with N1-methylpseudouridine
(m1¥) and contained a 5" Cap1/ARCA and 3’ poly(A) tail (~100A) (Middle). The designed TM,, sequences were listed with mutated residues in red (Bottom). (G)
Immunoblot analysis of p-STAT5 in stable BaF3 cells expressing the IL-7R V253G mutant and yc, following mRNA-LNP delivery of WT TM,g, or mutants (V253G,
L255Y, V253G/L255Y, V253/S249Y). After 12 h of cytokine deprivation, cells were treated with PBS and collected for immunoblotting. (H) Quantification of
p-STATS signal in (G) as p-STATS5/STATS intensity ratios, normalized to the no-delivery control (None). (/) Immunoblot analysis of p-STATS in stable BaF3 cells
expressing the IL-7R V253G mutant and yc, following mRNA-LNP delivery of WT TMpg, or mutants as in (G). After 12 h of cytokine deprivation, cells were treated
with 50 ng/mL IL-7 for 2 h and collected for immunoblotting. (/) Quantification of p-STATS signal in (/) as p-STAT5/STATS intensity ratios, normalized to the no-
delivery control (None). Unpaired Student's ¢ test was used and data were shown as mean + SEM calculated from three independent experiments. Represents
statistically significant, n.s. (not significant); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. PBS, phosphate-buffered saline. s.e. = short exposure. |.e. = long

exposure.

BaF3 cells expressing the IL-7R V253G mutant and the WT yc,
flow cytometry selection using anti-FLAG antibody was per-
formed to generate cell lines stably expressing the TMpp, variants.
The cell surface expression levels of the IL-7R V253G mutant and
the WT yc were not significantly affected by the transfection of
various designed TMygp (81 Appendix, Fig. S9).

In the absence of IL-7 (Fig. 6 B and C), the V253G mutant
again exhibited very robust STATS phosphorylation. Upon coex-
pressing the TM,g, with either single mutation V253G or dou-
ble mutations V253G/L255Y, which are expected to block

PNAS 2026 Vol.123 No.18 2601748123

homodimerization of the IL-7R V253G mutant, the ligand-
independent p-STATS5 signal was drastically reduced by ~70%.
Introducing the S249Y on top of the V253G in the TM;g,
resulted in weaker inhibition of ligand-independent signaling,
consistent with the observation that $249Y can partially disrupt
V253G-mediated TMD dimerization. The TMp, bearing the
single mutation L255Y did not show significant inhibition because
L1255 is not directly involved in dimerization at G253. Interestingly,
coexpressing the WT TMpg; also resulted in partial but significant
inhibition of tonic signaling (Fig. 6 B and C), which is likely due
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to the minor homodimerization interface on the V253 side of the
WT TMD (Fig. 1B). In the presence of IL-7, however, coexpres-
sion of none of the TMyy, variants showed significant inhibitory
effect on STAT5 phosphorylation (Fig. 6 D and E), likely because
the TMpgp cannot compete with the stronger ligand-induced TM
heterodimerization of the full-length IL-7R and yc.

In addition to lentiviral infection, we tested the delivery of
TMpgp more directly using mRNA encapsulated in LNP, which
has been a technology successfully used for vaccine delivery (35).
The mRNA encoding WT TMp, or mutants with N-terminal
signal sequence and Flag-tag as above were chemically modified
with N1-methylpseudouridine (m1¥) and contained a 5" Cap1/
ARCA and 3’ poly(A) tail (~100A) (Fig. 6F). These mRNAs were
encapsulated in LNPs composed of SM-102, along with auxiliary
components essential for nanoparticle stability and efficient deliv-
ery. The aforementioned engineered BaF3 stable cells expressing
the IL-7R V253G mutant and the yc were starved without
cytokines overnight. The starved cells were treated with different
mRNA-LNPs and harvested for immunoblotting to examine the
effects on downstream JAK/STAT signaling. The results from
administration of mRNAs encoding the designed TMpy, are
highly consistent with that of the lentiviral infection method,
especially in the absence of IL-7 (Fig. 6 G—)).

Discussion

Naturally occurring GOF mutations within TM regions of single-
pass TM receptors have been observed in many types of cytokine
and growth factor receptors (1-4, 6, 10). The mechanism of action
for these TM mutations has been elusive due to insufficient struc-
tural information for the TM and membrane-proximal regions of
these receptors as well as the interplay between the TMD and the
intracellular signaling domain that allow a TM mutation to acti-
vate downstream signaling completely independent of extracellular
ligand binding. In this study, we find that the GOF disease muta-
tion V253G residing in the TMD of IL-7R acts by structural
rewiring of IL-7R homodimerization leading to intracellular
JAK1-JAK1 activation independent of the ligand.

Specifically, the V253G mutation resulted in a major shift of
the homotypic TMD dimerization from the L255 interface of the
WT (F251, 1255, 1L259) to the G253 interface of the mutant
(8249, G253, V257) (Figs. 1 and 2). Interestingly, cysteine sub-
stitutions found in the IL-7R TMD from ALL patients are pre-
dominantly at residue positions 242 and 249 (9, 11), which are
both predicted to crosslink the G253 interface, consistent with
the activating TMD dimerization of the V253G mutant. The
G253 and 1255 homodimerizing interfaces are opposite of each
other on the TMD. They also have opposite signaling conse-
quences, as disrupting the G253 interface resulted in drastic reduc-
tion of ligand-independent STATS and JAK1 phosphorylation,
whereas breaking the 1255 interface increased ligand-independent
signaling (Fig. 5 C—H). These results suggest that mere TMD
dimerization is insufficient for activating intracellular signaling.
The TMD needs to dimerize in a specific manner in order to
position the JAKls in an arrangement suitable for initiating
cross-phosphorylation. Although the structural link between the
TMD and JAK1 is unclear, our smFRET results (Fig. 4/) strongly
suggest that dimerization through the G253 interface enables
productive conformational coupling between the TMD and the
PK domain of JAK1 and thus signal activation.

'The incompatibility between the 1.255 interface homodimeri-
zation and JAKT activation could represent a previously unrecog-
nized function of TMD dimerization in receptor control and
autoinhibition. Homodimerization of the WT IL-7R TMD via
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the 1255 interface has been observed in the NMR and BACTH
analyses, although both showed that it is weaker than the G253
interface dimerization of the mutant TMD (Figs. 1 A and B and
3 Cand D). The NMR and BACTH experiments, however, were
performed at artificially high protein concentration. In the
smFRET experiment where the receptor concentration was kept
low for single-molecule tracking, the WT showed negligible
dimerization which was significantly increased by the V253G
mutation (Fig. 4 Band C). Consistently, MD simulations confirm
that the G253 dimer interface is severely destabilized upon rein-
troducing V253 (Fig. 2D). Our previous NMR study also showed
that when mixed with the TMD of yc, the L255 interface homod-
imerization cannot compete with its heterodimerization with the
yc TMD (18). The simulations demonstrate that the V253G
mutation stabilizes a parallel helix geometry, characterized by sim-
ilar extracellular (N-terminal) and intracellular (C-terminal) spac-
ings reinforced by W264-mediated aromatic stacking. In contrast,
the WT dimer with the L255 interface adopts a crossed-helix
arrangement with larger separation at both the extracellular and
intracellular sides and lacks W264 stabilization. These structural
differences have direct implications for JAK1 positioning and
receptor activation, as the reinforced intracellular spacing in the
V253G mutant likely enforces an optimal distance and orientation
for constitutive JAK1-JAKT interaction. It is tempting to specu-
late that the other coreceptor of IL-7R, CRLF2, which also has a
Trp residue upstream of the capping Lys (W252), may be recruited
via the V253 interface. Interestingly, CRLF2 signals via JAK2,
which is more similar to JAKI than to JAK3; its juxtamembrane
segment, which is important for defining functional JAK coupling,
is much more similar to IL-7R than to yc. The above clues collec-
tively suggest that the homotypic interaction of the IL-7R TMD
at the 1255 face is conformationally specific but intrinsically weak.
As such, this dimeric interaction may serve as a safety for prevent-
ing ligand-independent JAK1 phosphorylation at high receptor
concentrations, which can be easily released in the presence of
ligand and yc. This safety mechanism, however, cannot prevent
dimerization of the G253 interface of the V253G mutant that
causes constitutive JAK1 activation. A similar switch of transmem-
brane dimer interfaces has been proposed to be involved in EGFR
activation (28, 36, 37), yet experimental validation in the cellular
context has remained controversial (38).

Directly targeting receptor TMD with antibody and small mol-
ecule is technically challenging due to additional consideration of
lipid binding. Antibodies capable of interacting with the mem-
brane embedded TMDs must also interact with lipids and are thus
likely to be polyreactive. Small molecules could in principle either
glue or dissociate TMD oligomers to modulate receptor signaling,
but the difficulty is also finding the right match between mem-
brane partitioning and TMD interaction. There has been prece-
dence of small molecules targeting receptor TMDs to exert
agonistic function. For example, the eltrombopag that activates
TpoR by targeting the TMD has been approved for the treatment
of idiopathic immune thrombocytopenia (5, 39). In another study
of the p75NTR, a small molecule was found that can perturb the
TMD conformation of the receptor and trigger apoptotic cell
death dependent on p75™™ and JNK activity in neurons and
melanoma cells (40). Directly targeting receptor TMD has been
explored previously with the use of TM peptides. A TM peptide
that competes with TM heterodimerization between the integrin
a and P subunits could shift the equilibrium from the inactive to
active state (41). Furthermore, genetic screen of randomly mutated
TMD of the bovine papillomavirus E5 protein identified new
TMD sequences that can drive PDGF beta receptor dimerization
and activation (42). Similarly, selective inhibition of the

pnas.org



Downloaded from https://www.pnas.org by CAS SHANGHAI TECH UNIVERSITY on June 11, 2026 from |P address 119.78.253.17.

erythropoietin receptor (EpoR) and the T cell receptor by TM
peptides has been demonstrated recently (43, 44). These studies
suggest that TM helix interactions could afford specificity within
the membrane for potentially modulating defective receptor sig-
naling due to TM mutations.

We demonstrate here that, by acquiring solid understanding of
the structural basis by which a TMD mutation modulates the acti-
vating or inactivating receptor conformation, it is possible to utilize
designed TM peptides to specifically suppress the aberrant signaling
caused by the TM mutations. In the case of IL-7R, the character-
ization of a new TMD dimerization mode that supports
ligand-independentintracellular JAK1-JAKT1 cross-phosphorylation
provided a TMD design solution to selectively block ligand-
independent but not ligand-dependent IL-7R signaling. With the
rapid advancements of gene-based intracellular delivery vehicles for
protein drugs such as mRNA and AAV (45, 46), the prospect of
clinically addressing disease mutations within the receptor TMDs
is no longer just a notional concept.

Materials and Methods

Structural analysis of IL-7Rtm-V253G in membrane-like environment was per-
formed using a previously published Bicelle NMR protocol (22, 23). Molecular
modeling of WTIL-7R TMD was performed using Boltz-2 (47). All-atom MD sim-
ulations were achieved using tool sets in CHARMM-GUI and GROMACS (48-50).
Biochemical analyses of TMD interactions were performed using the BACTH (31)
and TOXGREEN (32) assays. Single-molecule imaging of receptor dimerization in
live cells was performed using approaches demonstrated previously for cytokine
receptors (20). Designed TM helices for mutant signaling interference were
introduced into BaF3 cells via lentiviral transduction or mRNA-LNP delivery. Full
experimental description is provided in S/ Appendix.

Data, Materials, and Software Availability. The atomic structure coordinate
and structural constraints have been deposited in the Protein Data Bank (PDB)
with Accession No. 9XEA (51) (Structure of the transmembrane domain dimer of
human IL-7R V253G mutant). "H, °C, and "N chemical shift values have been
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