
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
10

:3
0:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Breaking the onc
aPhysiology Division, Zoology Department,

P.O. Box 62521, Beni-Suef, Egypt. E-mail: d
bDepartment of Biology, College of Scienc

University (IMSIU), Riyadh 11623, Saudi Ar
cDepartment of Medical Laboratories, Colle

University, Buraydah 51452, Saudi Arabia
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ogenic alliance: advances in
disrupting the MTDH–SND1 complex for cancer
therapy

Noha A. Ahmed, *a Ahmed A. Allam,b Hassan A. Rudayni,b Faris F. Aba Alkhayl,c

Al Mokhtar Lamsabhi d and Emadeldin M. Kamele

Metadherin (MTDH/AEG-1/LYRIC) partners with Staphylococcal Nuclease Domain-Containing Protein 1

(SND1) to form an oncogenic hub that drives proliferation, survival and metastasis in many tumors.

Interrupting this interaction dampens pivotal pathways—including NF-kB, PI3K/Akt and Wnt/b-catenin—

and simultaneously promotes SND1 degradation, yielding broad antitumor effects. This review

consolidates current knowledge of the MTDH–SND1 axis and highlights preclinical studies showing that

genetic knock-out or pharmacologic blockade of the complex can sharply reduce primary growth and

metastatic spread. We summarize structural studies that map the binding interface, emphasizing the

essential MTDH tryptophan pair and the SN1/SN2 barrels of SND1, and we survey therapeutic approaches

designed to exploit these determinants. Candidate disruptors range from phage-derived stapled peptides

to small molecules unearthed by high-throughput and structure-guided screens; several demonstrate

potent cytotoxicity in cell lines and xenografts, particularly when delivered through cell-penetrating

motifs or nanoformulations. We also examine hurdles that protein–protein interaction inhibitors must

overcome, such as off-target toxicity, metabolic instability and limited bioavailability, and discuss

combination regimens that may amplify efficacy. Finally, we outline emerging avenues—PROTAC-

mediated degraders, rational biomarker selection and advanced drug-delivery technologies—that could

sharpen specificity and accelerate clinical translation. Together, these data validate MTDH–SND1

disruption as a versatile strategy against treatment-refractory cancers.
1. Introduction

Cancer remains a leading global health concern, driven in large
part by complex molecular networks that facilitate uncontrol-
lable cell growth, metastasis, and resistance to therapy.1 Among
the wide range of molecular players identied over recent
decades, Metadherin (MTDH), also called AEG-1 or LYRIC, has
emerged as a signicant oncoprotein implicated in the
progression of many tumor types, including breast, liver, and
prostate cancers.2,3 As illustrated in Fig. 1, MTDH is frequently
over-expressed in human malignancies and has been linked to
invasion, metastasis, immune evasion (for example, via PD-L1
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up-regulation), and resistance to chemotherapy.4,5 Its perva-
sive involvement in oncogenic pathways has prompted exten-
sive research aimed at clarifying its molecular underpinnings
and exploring avenues for therapeutic intervention.4 One of
MTDH's most important functional partnerships is with
Staphylococcal Nuclease Domain-Containing Protein 1 (SND1).6

SND1 is a multifunctional protein that participates in RNA
metabolism, stress responses and the regulation of several
oncogenic signaling cascades.7 When bound together, MTDH
and SND1 establish a signaling hub that sustains tumour-cell
proliferation, stemness and metastasis by modulating path-
ways such as NF-kB, PI3K/Akt and Wnt/b-catenin.4 Genetic
ablation studies demonstrate that disrupting this complex
compromises tumor initiation in various models, underscoring
the potential of the MTDH–SND1 interface as a high-value
therapeutic target.8

Despite this promise, disrupting protein–protein interac-
tions (PPIs) in general—and MTDH–SND1 in particular—poses
substantial scientic challenges.9 Unlike enzyme active sites or
receptor-binding pockets, PPI interfaces are oen relatively at,
less structured, and feature few deep “hot spots,” making them
notoriously difficult to inhibit with traditional small-molecule
drugs.10 Overcoming these obstacles has required creative
RSC Adv., 2025, 15, 30165–30188 | 30165
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Fig. 2 Network view of Metadherin (MTDH/AEG-1/LYRIC) oncogenic
signaling and opportunities for interface-directed therapy. A central
yellow oval depicts MTDH, an oncoprotein over-expressed in
numerous solid tumors. Left: Outward arrows link MTDH to two key
phenotypes—uncontrolled proliferation (top cluster of rapidly dividing
cells) and metastatic dissemination (bottom clusters), underscoring its
role in both primary-tumor growth and systemic spread. Right: MTDH
engages its obligate partner SND1 (Staphylococcal Nuclease Domain-
Containing Protein 1), illustrated in purple; together the complex
activates a signaling stack comprising NF-kB, PI3K/Akt, Wnt/b-catenin,
and MAPK/ERK. These pathways drive the oncogenic processes lis-
ted—invasion, metastasis, immune evasion, chemoresistance, stem-
like renewal, and angiogenesis (bullet panel). Bottom: Two classes of
experimental therapeutics aim to block the shallow MTDH–SND1
interface: blue squiggle icon for stapled peptides and hexagon/
benzene icon for structure-guided small molecules; a red “T” bar
symbolizes pharmacological inhibition of the complex.

Fig. 1 Multifaceted oncogenic functions of the MTDH–SND1 axis and
avenues for therapeutic intervention. Top left: Over-expressed MTDH
induces PD-L1 on cancer cells, allowing them to escape T-cell-
mediated cytotoxicity. Top right: The MTDH–SND1 complex fosters
tumor initiation, angiogenesis and metastatic outgrowth. Bottom:
Inside a representative cancer cell, membrane-associated MTDH
(orange) recruits SND1 (grey) to form a scaffold that (i) transcriptionally
up-regulates oncogenic drivers such as PLK1, c-MYC and CDC20, (ii)
suppresses antigen presentation by down-modulating TAP1/2, and (iii)
further increases PD-L1 expression. A putative small-molecule inhib-
itor (green) illustrates the druggability of the MTDH–SND1 interface;
red “T” symbols indicate points of therapeutic blockade, reproduced
from ref. 9 with permission from American Chemical Society, copy-
right 2025.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
10

:3
0:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
approaches, including the design of specialized peptides and
the identication of novel small molecules that can slip into or
destabilize critical interfaces.10 These strategies have started to
yield encouraging proof-of-principle inhibitors. Early-
generation peptides demonstrated that direct disruption of
MTDH–SND1 is feasible, while subsequent small-molecule
efforts have revealed distinct chemical scaffolds capable of
binding SND1 and hindering complex formation (Fig. 2).11

This review provides a comprehensive look at the biology
underlying the MTDH–SND1 axis, the structural nuances that
enable their interaction, and the types of inhibitors that have
begun to emerge. We will examine the peptide- and small-
molecule-based approaches developed to obstruct MTDH–

SND1 binding, the rational design strategies that guide these
inhibitors, and in vitro as well as in vivo data demonstrating
their cancer-suppressive potential. By encapsulating the latest
30166 | RSC Adv., 2025, 15, 30165–30188
advances in this area, we aim to highlight both the promise and
remaining hurdles in transforming MTDH–SND1 inhibitors
from intriguing laboratory ndings into robust clinical tools
against cancer.
2. Structural and mechanistic insights
into MTDH–SND1 interaction

Understanding how MTDH (AEG-1/LYRIC) and SND1 bind to
one another is central to appreciating why their partnership
drives tumor progression so effectively.2 Although each protein
has multiple domains and interacts with several other regula-
tors, their direct contact point forms a tightly knit interface that
underpins many of the pro-oncogenic effects attributed to
them.12 Below, we explore the salient features of this interaction
by highlighting both the structural organization of these
proteins and the functional impacts that arise once they are
bound together. The results of molecular docking analysis of
MTDH–SND1 with an alkaloid are shown in Fig. 3 to depict the
binding mode of an inhibitor with MTDH–SND1.
2.1 Structural features of MTDH and SND1

2.1.1 MTDH's binding region. MTDH is traditionally
regarded as a membrane-associated protein, but its
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The binding mode of an alkaloid with MTDH–SND1 (PDB ID: 4QMG). (A) Ligand position within the binding site of the target protein, (B)
surface representation of MTDH–SND1 showing the disruptor in the binding site, and (C) ligplot presentation of residues from MTDG and SND1
involved in polar and hydrophobic interactions with the inhibitor.
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functionality extends far beyond simple localization. Its onco-
genic activity is partly driven by a compact C-terminal motif
(residues 393–403) that engages the staphylococcal-nuclease
domains of SND1 (Fig. 4).13 Within this short stretch, Trp394
and Trp401 act as anchor residues, burrowing into two hydro-
phobic pockets on SND1. Even conservative substitutions at
either position reduce binding by >90%.14 Underscoring their
role as a dual “hot-spot” module. Although MTDH contains
other regions that govern nuclear shuttling and post-
translational control, these two tryptophans are indispensable
for forming a stable MTDH–SND1 complex.15,16

2.1.2 The SN domains of SND1. SND1 is a multifunctional
effector in RNAmetabolism and gene regulation.5 Structurally it
comprises four staphylococcal-nuclease-like lobes (SN1–SN4)
arrayed around a central linker.17 The rst two lobes, SN1 and
SN2, create a continuous groove punctuated by hydrophobic
pockets that perfectly accommodate the MTDH motif (Fig. 4A).6

Disruptive mutations within either lobe destabilize peptide
binding and attenuate downstream oncogenic signaling, indi-
cating that both proteins contribute complementary surfaces
that must remain conformationally intact.7

2.1.3 Interface topology and hot spots. Like many protein–
protein interfaces, the MTDH–SND1 surface is relatively planar;
nevertheless, structural analysis reveals discrete hot spots
centered on Trp394, Trp401 and their surrounding hydrophobic
contacts (Fig. 4B).9 These pockets combine favorable van-der-
Waals contacts, hydrogen bonds and p–p stacking interac-
tions to drive high affinity. Because mutation of any one hot-
spot residue markedly weakens the complex,16 these sites
provide footholds for inhibitor design. Indeed, both peptide
© 2025 The Author(s). Published by the Royal Society of Chemistry
mimetics and small molecules that target the Trp-lined pockets
have already demonstrated proof-of-concept disruption in
biochemical and cellular assays.18

2.2 Mechanistic implications of complex formation

2.2.1 Stabilization of SND1 and MTDH. An intriguing and
critical outcome of MTDH–SND1 binding is the mutual stabi-
lization it confers on both partners (Fig. 5). Specically, MTDH
appears to protect SND1 from proteolytic degradation, while
SND1 in turn prolongs MTDH's half-life inside cells.19 This
interaction enhances the stability of both proteins, enabling
them to persist at elevated levels, which in turn reinforces
oncogenic signaling pathways, particularly in cancer cells.20 The
prolonged presence of MTDH and SND1 signicantly magnies
their impact on tumor biology, especially in cellular contexts
with high co-expression levels.7 This mutual stabilization
underpins their roles in promoting malignancy by ensuring
sustained activation of key oncogenic processes, including cell
proliferation, survival, and metastasis.2 Additionally, this
stabilization may make both proteins potential targets for
therapeutic interventions aimed at disrupting their interaction
to impair cancer progression.8

2.2.2 Cross-talk with major signaling pathways. Together,
MTDH and SND1 serve as critical mediators of a broad range of
downstream effects that inuence cancer cell behavior.2 They
have been shown to play pivotal roles in modulating key
signaling pathways, including NF-kB and PI3K/Akt—pathways
that are integral to promoting cell proliferation, survival,
inammation, and the evasion of apoptosis.21 By inuencing
these pathways, the MTDH–SND1 partnership enhances tumor
RSC Adv., 2025, 15, 30165–30188 | 30167
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Fig. 4 Structural basis of the MTDH–SND1 interaction (PDB ID 4QMG).16. (A) Ribbon representation of the tandem SN1/SN2 domains of SND1
(blue) bound to the minimal 11-residue MTDH motif (orange). Side-chains are shown for the two indispensable hot-spot residues Trp394 and
Trp401, which insert into hydrophobic pockets created by the SN1 and SN2 lobes. Key SND1 contact residues are labelled for reference. (B)
Molecular-surface view of the same complex, highlighting the contiguous shallow groove on SND1 that cradles the MTDH peptide. The orange
surface corresponds to the buried MTDH residues, illustrating the complementary shape and chemistry that enable high-affinity binding.16
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cells' ability to resist apoptotic signals, endure metabolic stress,
and bypass immune surveillance mechanisms, thereby
contributing to the progression of malignancy.22 The activation
of these pathways also aids in the establishment of a tumor
microenvironment that supports sustained cancer cell survival
and growth, even in harsh conditions such as hypoxia and
nutrient deprivation.22

Moreover, emerging evidence suggests that SND1's role in
RNA processing and ribonuclease activity is partially co-opted
by MTDH to facilitate oncogenic processes.23 Specically,
MTDH may redirect SND1's ribonucleolytic properties to target
30168 | RSC Adv., 2025, 15, 30165–30188
and degrade tumor-suppressive RNAs, thus disrupting critical
tumor-suppressor pathways.24 This manipulation of RNA
stability and turnover not only further skews the intracellular
equilibrium in favor of tumor growth but also contributes to the
acquisition of additional hallmarks of cancer, including
enhanced angiogenesis, metastasis, and resistance to chemo-
therapeutic agents.2 Additionally, the interplay between MTDH
and SND1 may regulate other transcriptional factors such as
STAT3, c-Myc, and HIF-1a, which are involved in driving the
oncogenic phenotype.4 This suggests that the MTDH–SND1
complex may act as a central node in integrating multiple pro-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanistic implications of MTDH–SND1 complex formation.

Fig. 6 MTDH orchestrates a nexus of oncogenic pathways that converge on proliferation, invasion, and drug resistance.26 A tumor cell (upper
left) activates Ras, which in turn stimulates both the PI3K/Akt and MAPK cascades. PI3K/Akt axis: Akt suppresses the pro-apoptotic transcription
factor FOXO3a and activates IKK, leading to degradation of IkB and nuclear translocation of the NF-kB (p65/p50) heterodimer. Together with
membrane-associated MTDH, NF-kB drives genes that promote growth, survival and invasion (grey triangle). MAPK axis: MAPK inhibits GSK3b,
allowing cytoplasmic accumulation of b-catenin. Stabilized b-catenin partners with LEF1 in the nucleus to induce proliferative gene expression
(right). c-Myc feed-forward loop: NF-kB, LEF1/b-catenin and MAPK collectively boost c-Myc, which in turn transcriptionally up-regulates MTDH,
establishing a positive-feedback circuit. Chemoresistance module: MTDH transcriptionally elevates drug-metabolizing enzymes (ALDH3A1, CYP
family members) and transporters (ABCC11), while suppressing pro-apoptotic BNIP3 and TRAIL, conferring broad chemoresistance. Metastatic
signaling: secreted or endothelial-cell-derived MTDH further enhances metastatic spread.26

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 30165–30188 | 30169

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
10

:3
0:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04310g


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
10

:3
0:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
tumorigenic signals, making it a potential therapeutic target for
disrupting tumor cell survival and growth.25

The breadth of this cross-talk is illustrated in Fig. 6, which
places MTDH at the intersection of Ras-PI3K/Akt, MAPK, NF-kB
and Wnt/b-catenin modules, creating a feed-forward network
that simultaneously suppresses pro-apoptotic FOXO3a,
amplies c-Myc transcription, and drives b-catenin/LEF1-
dependent proliferation.26 In parallel, MTDH transcriptionally
up-regulates drug-metabolizing enzymes (e.g., ALDH3A1,
CYP2B6) and efflux transporters (ABCC11), while down-
modulating pro-death mediators (BNIP3, TRAIL), providing
a mechanistic basis for the broad chemoresistance observed in
MTDH-high tumors (Fig. 6).26 Although SND1 is not depicted for
clarity, genetic and biochemical studies indicate that SND1 is
required for full activation of these downstream programs,
serving as the effector through which MTDH redirects RNA-
processing machinery to reinforce oncogenic signaling.
Collectively, these intertwined pathways underscore why the
MTDH–SND1 complex represents a central node for therapeutic
interception.26

2.2.3 Regulation of tumor-initiating cells and metastatic
potential. Mechanistic studies indicate that the MTDH–SND1
complex plays a central role in regulating cancer stemness,
particularly inuencing the pool of tumor-initiating cells
(TICs).2,27 By modulating key transcription factors such as
OCT4, Sox2, and Nanog, which are critical for maintaining stem
cell-like properties, the MTDH–SND1 interaction promotes the
initiation of primary tumors and the ability of cancer cells to
undergo epithelial-to-mesenchymal transition (EMT), a crucial
process for metastatic spread. In particular, the complex has
been shown to maintain a subpopulation of TICs with
enhanced self-renewal, resistance to chemotherapy, and the
ability to colonize distant organs.28

Cell culture and xenogra models have demonstrated that
silencing either MTDH or SND1, or disrupting the domains
through which they interact, results in a marked reduction in
Fig. 7 Stress-induced stabilization of SND1 by MTDH sustains tumor-in
(WT) mammary stem cells (MaSCs), oncogenic or micro-environmental
(blue–green bar), which stabilizes SND1. Stabilized SND1 enables the sur
cluster) and markedly increases the probability of tumor initiation. Botto
stress fails to protect SND1 from degradation (grey bar). Loss of func
resulting in failure of tumor initiation.2

30170 | RSC Adv., 2025, 15, 30165–30188
tumorigenic potential and a diminished ability to metasta-
size.9,22 This underscores the critical role of the MTDH–SND1
partnership in driving not only primary tumor growth but also
in promoting the aggressive metastatic behavior that charac-
terizes advanced cancer stages.25 Furthermore, the disruption of
this complex has been associated with a reduction in the
expression of key metastasis-related molecules, including
integrins and matrix metalloproteinases (MMPs), which are
essential for invasion and dissemination of tumor cells.24 These
ndings suggest that targeting the MTDH–SND1 interaction
may be a promising therapeutic strategy for reducing both
tumor initiation and metastasis, offering new avenues for
cancer treatment.11,29

2.3 Impacts on clinical outcomes

High expression of both MTDH and SND1 has been consistently
associated with poor clinical prognosis across a range of
malignancies, including breast cancer, hepatocellular carci-
noma (HCC), colorectal cancer, and prostate cancer.3,28,30 This
co-overexpression correlates with more aggressive tumor
phenotypes, higher tumor grade, and advanced clinical
staging.31 As illustrated in Fig. 7, MTDH can stabilize SND1
during cellular stress, thereby preserving tumor-initiating cells
(TICs); this mechanistic link helps explain why tumours with
high MTDH–SND1 expression exhibit aggressive clinical
behavior.2 In breast cancer specically, elevated levels of MTDH
and SND1 have been linked to shorter disease-free survival
(DFS) and overall survival (OS), particularly in triple-negative
breast cancer (TNBC) subtypes, which are known for their
therapeutic resistance and poor prognosis.32,33 From a clinical
perspective, the MTDH–SND1 interaction axis has emerged as
a prognostic biomarker.34 Several transcriptomic analyses from
patient cohorts (e.g., TCGA, METABRIC) have shown that
tumors with high co-expression of these proteins demonstrate
upregulation of oncogenic signaling pathways (e.g., PI3K/Akt,
NF-kB, Wnt/b-catenin), as well as enrichment in stemness-
itiating cells and drives tumor onset.2 Top (WT scenario): In wild-type
stress (lightning bolt) triggers formation of the MTDH–SND1 complex
vival and expansion of basal/luminal tumour-initiating cells (TICs, blue
m (MTDH-knock-out scenario): In MaSCs lacking MTDH (MTDH-KO),
tional SND1 compromises TIC survival/expansion (downward arrow),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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associated gene signatures.35 These ndings align with
preclinical studies showing that the MTDH–SND1 complex
enhances cancer stem cell maintenance, metastasis, and resis-
tance to conventional chemotherapeutic agents.2,8 Moreover,
high MTDH–SND1 activity has been implicated in drug resis-
tance mechanisms.2,8 In HCC and breast cancer models, MTDH
overexpression reduces sensitivity to doxorubicin, paclitaxel,
and sorafenib, partly through upregulation of survival pathways
and modulation of apoptotic thresholds.36,37 SND1, in turn,
contributes to post-transcriptional gene silencing of tumor
suppressors and facilitates miRNA processing, further tipping
the balance toward tumor progression.38,39 In metastatic
settings, elevated MTDH–SND1 levels are predictive of early
relapse and organ-specic dissemination, particularly to the
lungs and liver.8 These observations support the inclusion of
this protein complex in risk stratication models, and suggest
that patients with high MTDH–SND1 expression may benet
from more aggressive treatment regimens or targeted thera-
peutic interventions.2,8 Collectively, the clinical data reinforce
the notion that the MTDH–SND1 complex is not only a mecha-
nistic driver of tumorigenesis but also a clinically actionable
node that could be leveraged for diagnosis, prognosis, and
treatment personalization.2,22
Fig. 8 Structures of compound C26 series MTDH/SND1 complex disrup

© 2025 The Author(s). Published by the Royal Society of Chemistry
3. Therapeutic rationale for targeting
the MTDH–SND1 complex

Targeting the MTDH–SND1 PPI has garnered increasing atten-
tion as evidence accumulates showing that this interaction is
a linchpin of several pro-tumor pathways. By binding and
stabilizing each other, MTDH and SND1 drive multiple
processes that underlie tumor initiation, cancer stemness,
immune evasion, and metastasis.2,22 The rationale for di-
srupting their partnership is therefore rooted in both funda-
mental genetic studies and promising preclinical interventions
that curb cancer progression.2
3.1 Why this PPI is a prime therapeutic target

MTDH is frequently overexpressed in various tumor types,
including breast, prostate, and liver cancers, and oen correlates
with poor prognosis.40,41 Meanwhile, SND1 contributes to onco-
genesis through its roles in RNA metabolism and transcriptional
regulation.42,43 When MTDH binds to the SN1/SN2 domains of
SND1, it effectively safeguards SND1 from degradation while
beneting from SND1's broad network of regulatory effects on
gene expression.44 This reciprocal stabilization amplies
tors and their corresponding blocking ability (50 mM).8
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oncogenic signals and promotes cellular phenotypes such as
invasiveness and chemotherapy resistance.44 From a clinical
standpoint, high co-expression of MTDH and SND1 frequently
marks aggressive tumors.7 Disrupting their complex, therefore,
addresses a convergence point for multiple malignancy-promoting
pathways. Rather than inhibiting a single downstream signaling
cascade (e.g., NF-kB, PI3K/Akt, or Wnt/b-catenin), blocking the
MTDH–SND1 hub can, in principle, weaken several pro-survival
and pro-metastatic pathways simultaneously.7,45
3.2 Evidence from knockdown or genetic ablation studies

Early evidence for the importance of the MTDH–SND1 axis
came from genetic approaches in which one or both proteins
were silenced.8,46 In vitro experiments have shown that silencing
MTDH or SND1 individually is enough to attenuate cell prolif-
eration, increase apoptosis, and reduce invasive potential.8,47

These observations are consistent with the idea that each
partner is essential for the other's maximal pro-tumor function.
Fig. 9 Assessment of small molecule inhibitors binding strength and kin

30172 | RSC Adv., 2025, 15, 30165–30188
Studies using mouse models of breast cancer reinforce these
conclusions.48 Complete or partial deletion of MTDH slows
tumor initiation and can signicantly reduce lung metastases.
Likewise, SND1 knockout animals display delayed tumor
progression and smaller tumor sizes.8 In certain models, simply
mutating the MTDH residues necessary for binding SND1 can
yield effects comparable to full knockout—underscoring that
MTDH's tumorigenic activity oen relies on this specic inter-
action rather than just the presence of the MTDH protein.8,47

Collectively, these results highlight that an intact MTDH–SND1
complex is indispensable for robust tumor growth and spread.
3.3 Preclinical data showing reduced tumor growth and
metastasis upon disruption

Building upon genetic studies, multiple groups have designed
molecules—ranging from engineered peptides to synthetic
small molecules—that specically interfere with the MTDH–

SND1 interface.8,47 These inhibitors block the physical
etics via surface plasmon resonance analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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association of the two proteins, leading to reduced levels of
SND1 or preventing MTDH from initiating its downstream
oncogenic pathways (Fig. 8–10).8,47

3.3.1 Peptide-based inhibitors. Preliminary peptide inhib-
itors, such as CPP-4-2 and MS2D-cyc4, were derived from phage
display experiments followed by macrocyclization and stability
optimization.8,11 These structures incorporate amphipathic
helices and cell-penetrating domains, enabling intracellular
delivery. Mechanistically, they engage the SND1 SN1/SN2
domain to destabilize the MTDH–SND1 complex, promoting
proteasomal degradation of SND1. In vitro, these peptides
Fig. 10 Chemical structure and inhibitory activity against MTDH–SND1 P
C1–12 are represented in mM as the mean with SD of triplicate measure

© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibit cytotoxicity toward breast and liver cancer cells; in vivo,
they slow breast tumor growth and, in certain cases, diminish
metastatic spread.49,50

3.3.2 Small-molecule inhibitors. Structure-based virtual
screens have identied small molecules such as C26-A6 and
C19, featuring key pharmacophore motifs—chloro-
methoxyphenyl (A fragment) and triazolopyridine (B frag-
ment)—that t into the hydrophobic groove of SND1.8,22 These
ligands form hydrogen bonds with R255 and hydrophobic
interactions with adjacent residues, effectively competing with
MTDH binding. Early derivatives like L5 improved potency and
PI of compounds C1–C12. The value of inhibitory efficiency% (1 mM) of
ments.
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metabolic stability. In vitro, these compounds reduce viability of
triple-negative breast cancer and hepatocellular carcinoma
cells, while in vivo xenogra studies show suppressed tumor
growth and reduced metastasis.9,22 Collectively, these preclin-
ical results conrm that pharmacological disruption of MTDH–

SND1 not only blocks key molecular pathways but also produces
tangible antitumor benets in experimental settings.9,22
3.4 Advantages and challenges of PPI drugging

3.4.1 Flat and extensive interaction surfaces vs. well-
dened “Hot spots”. One hallmark of PPIs is the presence of
large, relatively at interfaces with scattered pockets of ener-
getic “hot spots.”51 MTDH–SND1 exemplies this: the central
interface can be quite broad, but a handful of highly conserved
sites (including tryptophan residues on MTDH and corre-
sponding hydrophobic patches on SND1) are essential for
complex stabilization.52,53 From a drug discovery angle, these
hot spots provide a foothold for targeted disruption—either
through peptide-based binding motifs or small-molecule
designs that slip into critical hydrophobic regions.54 However,
the expansive surfaces common to PPIs also complicate tradi-
tional small-molecule discovery, as these interactions do not
always present deep grooves akin to an enzyme active site. This
reality can demand innovative approaches, such as fragment-
based lead discovery, specialized computational modeling, or
macrocyclic peptide scaffolds.55

3.4.2 Lessons learned from other PPI inhibitors. Research
on well-characterized protein–protein interactions (PPIs), such
as MDM2–p53 and BCL2-family interactions, provides valuable
insights that can inform strategies for targeting the MTDH–

SND1 interaction. One critical lesson is the importance of hot
spot identication, where detailed structural studies—such as
mutational mapping and crystallographic analyses—are essen-
tial for pinpointing the most functionally signicant residues at
the interface.56,57 Another key consideration is the therapeutic
window, as PPIs oen inuence multiple signaling pathways,
necessitating careful evaluation of on-target toxicity and
potential secondary effects.58,59 Additionally, target conforma-
tional exibility plays a crucial role, since many PPIs exhibit
dynamic structural changes; this exibility can be leveraged to
discover transient binding pockets using approaches like
molecular dynamics simulations.60,61 Moreover, combination
therapies have emerged as a promising strategy, wherein PPI
inhibitors are paired with agents that block downstream
signaling or compensate for parallel pathways.62,63 Altogether,
these lessons suggest that although targeting PPIs remains
challenging, it is achievable—especially when the focus is
directed toward structurally and functionally vital interface
residues.64,65
4. Peptide-based disruptors of
MTDH–SND1

Protein–protein interactions (PPIs) are particularly amenable to
peptide-based approaches because peptides can mimic or
competitively block the precise regions involved in binding.66
30174 | RSC Adv., 2025, 15, 30165–30188
The interaction between MTDH and SND1 is a crucial pathway
for MTDH to exert its tumorigenic functions, and therefore,
therapeutic approaches that block the MTDH–SND1 PPI hold
signicant research value.8,9 Peptides derived from the binding
regions of MTDH and SND1 have emerged as an effective
strategy to block the MTDH–SND1 complex.8 Over the past few
years, researchers have made substantial progress in identifying
and optimizing such peptides for greater potency, stability, and
in vivo functionality.67,68
4.1 Discovery and early validation of peptide inhibitors

4.1.1 Phage display screening and peptide 4-2. One of the
earliest peptide disruptors of the MTDH–SND1 complex
emerged from a phage display screening, which utilized the
SN1/SN2 domains of SND1 as bait to identify potential binding
peptides.9,11 Phage display, a technique that allows the display
of peptides on the surface of bacteriophages, was employed to
screen a large candidate library of peptides for those with high
affinity to SND1. Aer screening thousands of peptides, a 12-
amino acid peptide—oen referred to as “peptide 4-2”—was
identied as a high-affinity binder to the SN1/SN2 domains of
SND1.9,11 This peptide showed a strong interaction with SND1 in
biochemical assays, conrming its ability to target the binding
interface between MTDH and SND1.11 Further analysis of
peptide 4-2 revealed that it effectively disrupted the MTDH–

SND1 interaction, preventing the complex from forming in
vitro.11,47 The disruption of this complex resulted in a signicant
reduction of SND1 protein levels within cancer cells, likely due
to increased proteasomal degradation and loss of stability of the
unbound SND1 protein.47,69 This reduction in SND1 levels was
accompanied by a marked induction of cytotoxicity in breast
cancer cell lines, specically those overexpressing the MTDH–

SND1 complex. Cell viability assays, such as MTT and cell
counting, demonstrated a dose-dependent decrease in cell
proliferation upon treatment with peptide 4-2.8,47 Additionally,
the peptide induced apoptotic cell death, as indicated by cas-
pase activation and TUNEL assay results. These ndings not
only validated the biological importance of the MTDH–SND1
interaction inmaintaining cancer cell survival but also provided
proof of concept for targeting this protein–protein interaction
(PPI) with relatively short peptides.8,9,11 The success of peptide 4-
2 highlighted the feasibility of developing peptide-based
inhibitors as a therapeutic strategy for targeting the MTDH–

SND1 complex in cancer therapy.11,12

4.1.2 Critical tryptophan residues and mutagenesis
studies. In follow-up work, alanine scanning revealed that
tryptophan at position 10 (W10) of peptide 4-2 is pivotal for
forming a stable peptide–SND1 complex.6,11 This residue plays
a crucial role in stabilizing the interaction by mediating
hydrophobic contacts with key hydrophobic residues on the
SND1 protein.6 Additionally, W10 appears to t into a specic
pocket on the SND1 surface, where it interacts with key amino
acids that are critical for the protein's structural integrity and
function.70,71 This binding mode mirrors the critical role of
specic tryptophan residues in MTDH, which anchor onto the
SN1/SN2 domains of SND1, facilitating the formation of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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MTDH–SND1 complex.9 The tryptophan side chain is highly
aromatic and bulky, which allows it to stabilize the binding
interface through both van der Waals interactions and p–p

stacking with aromatic residues on SND1.72 Furthermore, the
size and exibility of the tryptophan residue enable it to t
snugly into a hydrophobic groove within SND1, creating a stable
and energetically favorable interaction.6,11 Mutating W10 to
other amino acids, such as alanine, glutamine, or phenylala-
nine, signicantly diminished both the peptide's binding
affinity for SND1 and its cytotoxic potency.11,47 The reduced
binding affinity was conrmed through surface plasmon reso-
nance (SPR) and uorescence polarization (FP) assays, which
showed a signicant decrease in the dissociation constant (KD)
for the mutated peptides.73 Additionally, these mutations led to
a decrease in apoptotic induction and cell cycle arrest in breast
cancer cell lines, further validating the functional importance of
this residue.74 These results underscore the pivotal role of W10
in peptide–SND1 interaction, suggesting that it is a critical
hotspot for disrupting the MTDH–SND1 complex and high-
lighting the potential for further optimization of this region to
enhance peptide efficacy.11,47

4.1.3 Peptide design based on MTDH structure. In addi-
tion, Chen et al. designed andmodied a series of peptides based
on the structure of the MTDH template, utilizing a cross-linking
strategy.4 By studying the amino acid sequence of MTDH that
binds to the SND1 1/2 domain, Dap and iso-Asp were introduced
to form cyclic peptides.4 Fluorescence polarization (FP) assays
conrmed that MS2D with a WVDE motif had the optimal SND1
dissociation constant (KD).18 These modications improved the
peptide's affinity for SND1. The antitumor activity of the cyclic
peptides MS2D-cyc4 and MS2D-cyc6 was evaluated in vitro,
showing promising results.11 A GST-mediated pull-down assay
and co-immunoprecipitation (co-IP) veried the inhibitory
activity of the modied peptides on the MTDH–SND1 interac-
tion.11 Furthermore, combination treatment of these peptides
with paclitaxel demonstrated signicant tumor cell cycle arrest
and migration inhibition effects. Despite these positive in vitro
results, the study lacked in vivo experimental data, underscoring
the importance of further investigations into peptide stability,
antigenicity, and pharmacokinetic properties for developing
effective in vivo peptide anti-tumor inhibitors.
4.2 Improving cellular uptake and stability

Peptides generally suffer from limitations such as poor
membrane permeability and susceptibility to proteolytic
degradation.75 As a result, multiple strategies have been
explored to enhance both delivery and half-life.

4.2.1 Cell-penetrating peptide (CPP) fusions. To overcome
low intracellular accumulation, some studies fused peptide 4-2
to a CPP sequence.76 One such derivative, commonly called CPP-
4-2, demonstrated improved uptake by breast cancer cells, thus
increasing its cytotoxic effects.47 The IC50 values for CPP-4-2
were measured at 22.4 ± 1.0 mmol L−1 in MDA-MB-231-GFP-
Red-FLuc cells, 18.7 ± 0.2 mmol L−1 in MCF-7 cells, and 15.9
± 6.2 mmol L−1 in MDA-MB-468 cells.47 Although the covalent
link to a CPP can slightly alter the peptide's overall charge and
© 2025 The Author(s). Published by the Royal Society of Chemistry
conformation, well-chosen linkers can preserve core binding
while conferring better tissue penetration.47

4.2.2 Cyclization and helical stabilization. Another tactic
has been to enforce secondary structure, oen through cycli-
zation or the incorporation of noncanonical amino acids (e.g., D-
amino acids, stapled side chains, or lactam bridges).77 For
instance, a new generation of stabilized peptides—sometimes
described as “cyclic peptides” or “stapled peptides”—is
designed to anchor the key binding motif in a conformation
that optimizes contact with SND1's interface.78 This approach
can confer increased proteolytic resistance, higher target
affinity, and better in vivo stability.

4.2.3 Terminal aspartic acid cross-linking. A more
specialized strategy reported in recent literature involves
“terminal aspartic acid cross-linking,” which introduces arti-
cial linkages at peptide termini to reinforce an a-helical
conformation.47 Peptides derived from the known MTDH-
binding region have been stabilized in this way, yielding vari-
ants (e.g., “MS2D-cyc4” and “MS2D-cyc6”) with signicantly
improved affinity and half-life, as well as notable activity in
reducing tumor cell growth in vitro.47

4.3 Mechanisms of action and downstream effects

By binding to the same or overlapping regions on SND1 that are
normally occupied by MTDH, these peptides act as competitive
inhibitors, effectively displacing MTDH and thereby disrupting
the formation of the MTDH–SND1 complex.11 The resulting loss
of a stable MTDH–SND1 interaction appears to have several
signicant effects. First, it promotes SND1 degradation, as the
absence of MTDH's stabilizing inuence renders SND1 more
susceptible to proteolytic turnover. Second, it blocks oncogenic
signaling pathways, leading to diminished activation of key
pathways such as NF-kB, PI3K/Akt, and Wnt/b-catenin. Third, it
lowers metastatic potential, particularly in models where the
MTDH–SND1 axis plays a central role in driving tumor cell
migration and invasion, with inhibition of the interaction
correlating with a reduction in metastatic lesions.11

4.4 In vivo efficacy and delivery challenges

4.4.1 Xenogra studies. Animal models, particularly xeno-
gras, have been instrumental in validating the anti-tumor
benets of peptide disruptors targeting the MTDH–SND1
complex.22 In these studies, intravenous or intraperitoneal
administration of CPP-4-2 or other engineered peptide inhibi-
tors has demonstrated promising anti-tumor efficacy.47 In
breast cancer xenogra models, for example, treatment with
CPP-4-2 resulted in a signicant reduction in tumor volume
compared to controls. The therapeutic concentrations of the
peptides were sufficient to induce tumor growth inhibition
without the need for excessively high doses, which is a crucial
consideration for minimizing potential side effects.47

Further, the administration of CPP-4-2 was shown to reduce
the proliferation of tumor cells, as evidenced by a decrease in
Ki-67 expression (a marker for cell proliferation) within the
tumor tissue.47 Histopathological analysis revealed that tumors
from peptide-treated animals exhibited higher levels of
RSC Adv., 2025, 15, 30165–30188 | 30175
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apoptosis (programmed cell death), as indicated by increased
caspase-3 activity and a higher percentage of TUNEL-positive
cells, a hallmark of apoptotic cells.79 Additionally, there was
a signicant reduction in angiogenesis, as shown by decreased
microvessel density in tumors treated with peptide inhibitors.80

This suggests that the peptides not only affect tumor cell
proliferation but may also disrupt the tumor's ability to sustain
itself through new blood vessel formation.81 In some models,
a combination of CPP-4-2 with traditional chemotherapy
agents, such as paclitaxel, further enhanced the anti-tumor
effects, leading to synergistic reductions in tumor volume.18,47

The combination treatment also resulted in tumor cell cycle
arrest and migration inhibition, suggesting that peptide
inhibitors could potentiate the effects of existing chemotherapy
agents by targeting complementary pathways involved in tumor
progression.18,47 Importantly, these studies conrmed that
properly formulated peptides can achieve effective concentra-
tions in tumor tissue, even at relatively low doses, thereby
providing a more targeted and less toxic approach compared to
conventional chemotherapies.18,47 Despite these successes,
challenges remain in improving the pharmacokinetics and
bioavailability of the peptides, as well as minimizing potential
off-target effects, which are areas for further investigation.65

Moreover, while these ndings are promising, additional in vivo
studies involving different cancer models, long-term treat-
ments, and monitoring of potential side effects are essential for
translating these results into clinical practice.

4.4.2 Formulation strategies and combination approaches.
Despite the promising anti-tumor activity demonstrated by peptide
disruptors, there are several challenges that need to be addressed
before these peptides can become viable therapeutic agents.
Peptides oen suffer from issues related to serum stability,
immune recognition, and distribution, which can signicantly
limit their effectiveness in vivo.82 These challenges are primarily
due to peptides' susceptibility to enzymatic degradation, poor
bioavailability, and rapid clearance from the bloodstream.83 To
overcome these limitations, several formulation strategies have
been developed and are being actively explored.

4.4.2.1 Nanoparticle encapsulation. One promising approach
to improve the stability and bioavailability of peptides is encap-
sulating them within nanoparticles.84 Nanoparticles offer several
advantages, including enhanced protection of the peptide from
enzymatic degradation and extended circulation time in the
bloodstream.85 By encapsulating peptides in biocompatible
nanoparticles, their half-life is increased, which allows for more
sustained therapeutic effects. Additionally, nanoparticles can be
engineered to target specic tissues or tumor sites, improving the
selectivity of peptide delivery.86 These formulations can be
tailored to release the peptide in a controlled manner, ensuring
that the drug is delivered directly to the tumor microenviron-
ment, minimizing systemic exposure and potential side effects.

4.4.2.2 PEGylation. PEGylation, the attachment of poly-
ethylene glycol (PEG) molecules to peptides, is another widely
used strategy to enhance their pharmacokinetic properties.87

The addition of PEG molecules increases the peptide's size,
which reduces renal clearance and prolongs circulation in the
bloodstream.88 PEGylation also helps mask the peptide from the
30176 | RSC Adv., 2025, 15, 30165–30188
immune system, thus decreasing immune recognition and
preventing the rapid clearance of the peptide by the mono-
nuclear phagocyte system.89 This strategy improves the
peptide's half-life, bioavailability, and ability to accumulate at
tumor sites via the enhanced permeability and retention (EPR)
effect, a phenomenon that allows macromolecules to accumu-
late in tumor tissues more efficiently than in normal tissues.90

4.4.2.3 Liposomal carriers. Another advanced formulation
strategy involves encapsulating peptides in liposomal carriers,
which are lipid-based vesicles that can deliver both hydrophilic
and hydrophobic drugs.91 Liposomes can provide a controlled
release of peptides, improving their stability and reducing off-
target effects.92 Liposomal formulations can be further opti-
mized by surface modication with targeting ligands, such as
antibodies or small molecules, to enhance tumor specicity.93

This approach has been successfully applied to several peptide-
based therapies, increasing their efficacy while minimizing
systemic toxicity.

4.4.2.4 Combination with chemotherapy and immunotherapy.
An exciting avenue for enhancing the therapeutic potential of
MTDH–SND1-targeting peptides is their combination with
conventional chemotherapy or immunotherapy.12 Combining
peptide inhibitors with chemotherapeutic agents, such as
paclitaxel, doxorubicin, or cisplatin, can produce synergistic
effects by simultaneously blocking complementary oncogenic
pathways involved in tumor progression.94 For example, while
chemotherapy drugs target rapidly dividing tumor cells,
peptides like CPP-4-2 specically inhibit the MTDH–SND1
complex, which plays a role in promoting metastasis, drug
resistance, and stemness.55 This combined approach could
enhance the overall anti-tumor response by addressing multiple
aspects of tumor biology concurrently. Furthermore, combining
peptides with immunotherapies (such as immune checkpoint
inhibitors or monoclonal antibodies) could improve the acti-
vation of the immune system.95 Peptides that inhibit MTDH–

SND1 may reduce the tumor's ability to evade immune detec-
tion, thus making tumor cells more susceptible to immune
attack.55 This combination approach could also enhance the
efficacy of adoptive T-cell therapy or immune checkpoint
blockade, which aim to reactivate the body's immune response
against tumors.55,96 Moreover, dual-targeted therapies, where
peptide disruptors are combined with therapies targeting other
key signaling pathways such as PI3K/Akt, NF-kB, or Wnt/b-cat-
enin, are being explored to overcome resistance and further
suppress tumor growth and metastasis.97 The simultaneous
targeting of multiple molecular mechanisms could prevent the
compensatory activation of alternative pathways that oen
undermine the effectiveness of monotherapies.98

4.4.2.5 Challenges. Despite the progress in formulation
strategies and combination approaches, there are still chal-
lenges to overcome in translating these strategies to clinical use.
The cost and complexity of developing and manufacturing
peptide-based formulations remain signicant hurdles.99

Additionally, ensuring consistent and reproducible delivery to
tumor sites, particularly in patients with different types of
cancers or varying tumor microenvironments, remains an area
of active research.100,101
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.5 Future directions for peptide development

While peptide-based MTDH–SND1 inhibitors have already
demonstrated clear proof of concept, ongoing research aims to
rene and optimize them for clinical use. Several innovative
approaches are currently being explored to enhance the
potency, stability, and therapeutic efficacy of these peptides, as
well as to overcome the challenges associated with their clinical
translation.

4.5.1 Macrocyclic libraries. One promising direction for
peptide development is the generation of macrocyclic libraries
through high-throughput screening.102 Macrocyclic peptides,
which are characterized by a covalently closed ring structure,
offer several advantages over linear peptides, including
improved stability and higher binding affinity to their targets.103

The cyclic structure provides resistance to proteolytic degrada-
tion, making these peptides more suitable for in vivo applica-
tions.104 Researchers are screening synthetic macrocyclic
libraries to identify novel peptide candidates that exhibit tighter
affinity for the MTDH–SND1 complex.11 This strategy aims to
enhance the overall efficacy and specicity of peptide inhibi-
tors, potentially leading to new, more potent therapeutic agents
with better pharmacokinetic properties.

4.5.2 Multi-epitope targeting. Another exciting avenue for
improving peptide-based therapies is multi-epitope targeting,
which involves designing peptides that simultaneously target
multiple interface regions of SND1 or MTDH.105 By targeting
more than one region of the protein complex, these peptides
may increase the likelihood of disrupting the MTDH–SND1
interaction and provide a more comprehensive blockade of the
functional interaction.6,11 Multi-epitope peptides can also
reduce the risk of resistance, as the tumor would have to over-
come multiple binding sites simultaneously.106 Additionally,
such peptides could potentially offer greater selectivity and
reduced off-target effects, enhancing their safety prole while
improving therapeutic outcomes.107

4.5.3 Dual-function peptides. Dual-function peptides are
a particularly promising strategy for increasing the therapeutic
impact of peptide inhibitors.108 These peptides are designed to
serve dual roles—as both inhibitors of the MTDH–SND1
complex and as carriers of cytotoxic payloads or reporter
moieties.55 By incorporating a cytotoxic agent, such as
a chemotherapeutic drug, or a radioactive isotope, into the
peptide, researchers can combine the ability of peptides to
inhibit the MTDH–SND1 interaction with direct tumor cell
killing mechanisms.28 For example, conjugating peptide inhib-
itors to chemotherapeutic agents could deliver the drug directly
to tumor sites, ensuring that high concentrations of the drug
are locally available while minimizing systemic toxicity.109

Similarly, linking peptides to reporter molecules or uorescent
tags could facilitate real-time tracking of peptide delivery and
therapeutic effects, allowing for personalized and optimized
treatment regimens.110

4.5.4 Peptide-mediated immune modulation. Emerging
research is also exploring peptide-mediated immunemodulation
as a complementary strategy to enhance anti-tumor immunity.111

MTDH and SND1 are known to play roles in immune evasion by
© 2025 The Author(s). Published by the Royal Society of Chemistry
regulating immune checkpoints and modulating the tumor
microenvironment.22 Therefore, peptides that disrupt the
MTDH–SND1 complex may also enhance the body's immune
response against the tumor.47 In addition, peptides can be engi-
neered to stimulate immune cells, such as T-cells or natural killer
(NK) cells, improving their ability to recognize and attack cancer
cells.112 By combining peptide inhibitors with immune check-
point inhibitors or vaccines, researchers aim to develop immu-
notherapy strategies that offer synergistic benets.113

4.5.5 Optimizing pharmacokinetics and bioavailability.
Despite the promising in vitro and in vivo results, one of the
ongoing challenges with peptide-based therapies is optimizing
their pharmacokinetics and bioavailability.114 Peptides oen
have poor oral bioavailability and are rapidly cleared from
circulation.115 To address this, researchers are investigating
strategies to enhance peptide stability, such as PEGylation,
liposomal encapsulation, and the use of prodrug approaches to
prolong their action.116 Additionally, efforts are underway to
improve their tissue penetration and targeted delivery to
tumors, reducing off-target effects and enhancing treatment
efficacy. The development of long-acting peptide formulations,
which can provide sustained release and minimize the need for
frequent dosing, is also a key focus of current research.117

4.5.6 Combination therapies. As mentioned earlier,
combining peptide inhibitors with conventional chemotherapy,
immunotherapy, or targeted therapy represents a strategic
approach to overcome resistance and improve treatment
outcomes.118 Future studies are expected to investigate
a broader range of combination therapies that could enhance
the efficacy of MTDH–SND1-targeting peptides, including their
combination with small molecule inhibitors targeting other
critical pathways like PI3K/Akt, NF-kB, and Wnt/b-catenin.47

Additionally, combining peptides with novel immunomodula-
tory agents could help overcome the immunosuppressive tumor
microenvironment and improve overall therapeutic efficacy.119

4.5.7 Personalized medicine and biomarker identication.
The future of peptide-based therapies for targeting the MTDH–

SND1 complex may also lie in the development of personalized
treatment regimens.11 By identifying specic biomarkers that
predict which patients will benet most from MTDH–SND1-
targeting peptides, clinicians could optimize therapeutic strat-
egies.11 The use of genomic proling, proteomics, and
biomarker panels will allow for more accurate patient strati-
cation and enhance the clinical outcomes of peptide thera-
pies.120 Personalized approaches can ensure that the right
peptide inhibitors are used for the right patients, based on their
individual tumor biology and molecular proles.
5. Small-molecule inhibitors of
MTDH–SND1

While peptide-based inhibitors offer high specicity for di-
srupting the MTDH–SND1 complex, the pharmacokinetic and
delivery limitations associated with peptides have catalyzed
growing interest in small-molecule alternatives.9,22 Small mole-
cules typically demonstrate better oral bioavailability, chemical
RSC Adv., 2025, 15, 30165–30188 | 30177
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stability, and tissue penetration, which makes them more
amenable to clinical translation.121 Additionally, small mole-
cules can be ne-tuned for selectivity, solubility, and metabolic
stability through medicinal chemistry optimization.122 Recent
progress in chemical biology, biophysical assay development,
and computational modeling has enabled the rational design
and screening of potent small-molecule inhibitors that target
the MTDH–SND1 interaction interface, particularly the hydro-
phobic SN1/SN2 pocket of SND1.8,9

5.1 Early leads and proof-of-concept screens

A major breakthrough in small-molecule screening for MTDH–

SND1 inhibitors came from Shen et al., who developed a split-
luciferase complementation assay tailored to detect the interac-
tion between MTDH and SND1 in living cells.8,9 This assay
leveraged a library of ∼50 000 compounds and utilized a biolu-
minescent output to report on MTDH–SND1 binding status.8,9

Hits from this screen included the compound C26 series (notably
C26-A2 and C26-A6), which disrupted the complex with an IC50 of
∼2.4 mM.8 Subsequent microscale thermophoresis (MST)
conrmed binding to the SND1 interface (Fig. 8). Importantly, co-
crystal structures revealed that these compounds occupy the
hydrophobic pocket of the SND1 SN1/SN2 domain where MTDH
W401 normally anchors.8,9 These compounds demonstrated
selective interference with MTDH–SND1 without broadly inhib-
iting SND1's unrelated RNA-processing functions—an essential
consideration for therapeutic safety.8,9

5.2 Structure-based design and virtual screening

Capitalizing on available co-crystal structures and mutagenesis
data, researchers applied virtual screening and molecular
dynamics simulations to identify more rened scaffolds.53 This
led to compounds such as compound C19, which lled the
MTDH anchoring pocket on SND1, and compound L5, discov-
ered by simulating conformational exibility in SND1 to identify
cryptic binding sites (Fig. 9, 10, and Table 1).9,18 Compound C19
demonstrated submicromolar potency in biochemical assays,
with strong activity in xenogra models. Compound L5, though
less potent (IC50 ∼ 57 mM in MDA-MB-231 cells), showed clear
intracellular target engagement, veried via immunouores-
cence assays.18 Notably, compound L5's binding mode suggested
hydrogen bonding interactions with SND1 R255, further vali-
dated by molecular dynamics simulations, underscoring the role
of polar contacts and pocket dynamics in SND1 ligand recogni-
tion.18 The integration of ensemble docking, ligand eld energy
modeling, and free energy perturbation (FEP) simulations
represents an important frontier for rening these leads.
Compounds L2 and L11 displayed no binding signals.

To further elucidate the binding mode of small-molecule
inhibitors, molecular docking studies were performed using
the crystal structure of the SND1 SN1/SN2 domain (PDB ID:
4QMG) (Fig. 11).16 Compound C19 tted deeply into the
hydrophobic groove, forming hydrogen bonds with Arg255 and
Glu399, p–p stacking with Trp401, and van der Waals contacts
with residues such as Phe251 and Ala398. The binding pocket
was well-occupied, suggesting strong shape complementarity
30178 | RSC Adv., 2025, 15, 30165–30188
and favorable energetics. Similarly, compound L5 exhibited
a comparable binding orientation, establishing hydrogen
bonds with Arg255 and Glu291, p–p interactions with Trp401,
and hydrophobic contacts with Phe251 and Ala398. The simi-
larity in binding modes supports the hypothesis that both C19
and L5 disrupt the MTDH–SND1 interface by competitively
occupying the SN1/SN2 hydrophobic pocket, thereby blocking
MTDH recruitment and destabilizing oncogenic SND1
complexes.

5.3 Mechanisms of action and key ndings

Despite their chemical diversity, most validated MTDH–SND1
small-molecule inhibitors function by occupying or deforming
the hydrophobic binding pocket within SND1's SN1/SN2
domain, thereby blocking MTDH recruitment, which is crit-
ical for stabilizing SND1 in oncogenic contexts. Inhibitors such
as compounds C26-A6 and C19 have been shown to induce
proteasomal degradation of SND1 due to the loss of MTDH's
stabilizing interaction, downregulate key oncogenic signaling
cascades—notably NF-kB, PI3K/Akt, and Wnt/b-catenin, all of
which are hyperactivated in MTDH-driven tumors—and impair
migration, invasion, and stemness phenotypes in aggressive
cancer cells. Additionally, C26-A6 interferes with the MTDH–

SND1–TAP1/2 axis, restoring tumor antigen presentation and
reversing immune evasion, underscoring the role of MTDH–

SND1 as a dual oncogenic-immunosuppressive hub.

5.4 In vitro and in vivo evaluations

In vitro studies of these inhibitors have consistently demon-
strated dose-dependent inhibition of cancer cell proliferation,
particularly in triple-negative breast cancer (TNBC) and hepa-
tocellular carcinoma (HCC) cells, along with suppression of
epithelial-to-mesenchymal transition (EMT) markers and
cancer stem cell signatures, and induction of apoptosis as evi-
denced by elevated cleaved caspase-3 and PARP cleavage. In
vivo, xenogra models treated with compounds such as C26-A6
or C19 showed tumor volume reduction, slower growth kinetics,
and reduced metastasis to the lungs in breast cancer models.
These compounds also exhibited synergistic efficacy when
combined with paclitaxel, resulting in improved tumor
suppression and fewer metastatic lesions compared to mono-
therapy. Furthermore, combining C26-A6 with anti-PD-1
therapy signicantly enhanced CD8+ T-cell inltration and
reduced T-cell exhaustion, further conrming the immune
relevance of the MTDH–SND1 axis.8,9,12,14,18

5.5 Challenges, opportunities, and next steps

The shallow and hydrophobic nature of the MTDH–SND1
interface makes it classically “undruggable,” requiring ligands
with precise three-dimensional complementarity and hydrogen-
bonding patterns.18 In addition, SND1's pleiotropic role in post-
transcriptional regulation poses selectivity risks, as global
inhibition of SND1 could impair normal RNA processing.38

Current leads also face challenges related to solubility, meta-
bolic stability, and tumor-specic accumulation, which limit
systemic delivery and long-term exposure.123 To address these
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical structure and inhibitory activity against MTDH–SND1 PPI of C23–C31. The IC50 values are represented in mM as themean with
SD of triplicate measurements

Compound R1 R2 Inhibitory efficiency IC50 (mM)

C13 2-CH3 H 2.087 � 0.310
C14 2-Cl H >5
C15 3-Br H 1.530 � 0.233
C16 5-OMe H 0.994 � 0.130
C17 5-Cl H 1.247 � 0.108
C18 5-Br H 1.699 � 0.214
C19 6-F H 0.487 � 0.099
C20 6-Cl H 0.914 � 0.077
C21 6-Br H 1.423 � 0.212
C22 6-OMe H 2.081 � 0.216
C23 7-Me H >5

C24 H 2.577 � 0.254

C25 H >5

C26 H >5

C27 H >5

C28 H >5

C29 H 3.568 � 0.858

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 30165–30188 | 30179
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Table 1 (Contd. )

Compound R1 R2 Inhibitory efficiency IC50 (mM)

C30 H >5

C31 H >5
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issues, several opportunities have emerged. Fragment-based
drug design (FBDD) and structure-guided scaffold hopping
may help overcome interface limitations by building multi-site
occupancy ligands.124 Combination therapies involving MTDH–

SND1 inhibitors with checkpoint blockade, such as anti-PD-1,
or DNA-damaging agents could amplify efficacy and broaden
applications across immune-resistant tumors.22 PROTAC tech-
nology offers a means to selectively degrade SND1 or MTDH via
recruitment to E3 ubiquitin ligases, bypassing the need for
competitive inhibition.125 Structure–activity relationship (SAR)
studies on the C26 scaffold have identied key pharmaco-
phores—chloromethoxyphenyl (A fragment) and tri-
azolopyridine (B fragment)—with hydrogen bonding between
R255 of SND1 and the triazole/pyridylamine moieties of C26-A2/
A6 being critical for binding and function.8 Furthermore,
incorporating lipophilic efficiency metrics and plasma protein
binding predictions can guide improvements in absorption,
distribution, metabolism, excretion, and toxicity (ADMET)
properties.126

6. Delivery systems and formulation
advances

While identifying potent inhibitors of the MTDH–SND1
complex is a critical step, achieving efficient delivery and
30180 | RSC Adv., 2025, 15, 30165–30188
sustained bioactivity in vivo poses its own set of challenges.
Peptide-based inhibitors can suffer from limited serum stability
and membrane permeability, whereas small molecules,
although typically more drug-like, still require formulations
that maximize tumor localization and minimize off-target
effects.22 Overcoming these hurdles has driven researchers to
explore an array of delivery strategies—from fusion peptides
and nanocarriers to specialized chemical modications—to
ensure that MTDH–SND1 inhibitors reach their intracellular
target in sufficient concentrations.114
6.1 Peptide delivery strategies

6.1.1 Cell-penetrating peptide (CPP) conjugates. One of the
most direct methods of enhancing intracellular uptake for
peptide inhibitors is tethering them to cell-penetrating
peptides.127 A notable example is the derivatization of the
peptide “4-2” (originally identied through phage display) into
“CPP-4-2,” which improved cellular internalization and resulted
in enhanced cytotoxicity against breast cancer cells.47 Similar
conjugate strategies oen utilize short, positively charged
sequences (e.g., TAT or poly-arginine motifs) to facilitate
crossing the plasma membrane. Studies have shown that these
CPP fusions reduce tumor volume in mouse models, particu-
larly for MTDH–SND1–dependent cancers, conrming that
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Molecular docking analysis of compounds C19 and L5 with the SND1 SN1/SN2 domain (PDB ID: 4QMG).16 (A, B and E) Docking pose and
interaction analysis of compound C19. Panel A shows the ribbon representation of SND1 (blue) with C19 bound in the hydrophobic groove
(yellow sticks). Panel B illustrates the surface view highlighting the binding pocket (yellow surface) accommodating C19. Panel E depicts the 2D
interaction map showing hydrogen bonds, p-interactions, and van der Waals contacts between C19 and surrounding residues, with key
interactions involving Arg255, Glu399, and Trp401. (C, D and F) Docking pose and interaction analysis of compound L5. Panel C displays the
ribbon representation of SND1 (blue) with L5 bound in the hydrophobic groove (yellow sticks). Panel D shows the surface representation with the
binding site highlighted. Panel F presents the 2D interaction map, revealing key contacts such as hydrogen bonding with Arg255 and p–p
stacking with Trp401, along with hydrophobic interactions involving Phe251 and Ala398.
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improved intracellular access can signicantly increase thera-
peutic efficacy.47

6.1.2 Sulfonium-based peptide delivery system. Recent
work has also introduced a sulfonium-based delivery approach
that noncovalently complexes peptides with cationic sulfonium
moieties.128 By carefully balancing charge interactions,
© 2025 The Author(s). Published by the Royal Society of Chemistry
investigators were able to enhance the stability and uptake of
a stabilized peptide derived fromMTDH sequences (e.g., MS2D-
based peptides).6 In vivo experiments demonstrated that sulfo-
nium–peptide complexes led to stronger tumor growth inhibi-
tion in triple-negative breast cancer xenogras compared to
unformulated controls, highlighting how specialized chemical
RSC Adv., 2025, 15, 30165–30188 | 30181
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carriers can help surmount the cell permeability and plasma
stability barriers that oen plague peptide therapeutics.128

6.1.3 Macrocyclic and stapled formulations. Beyond carrier
systems, stabilizing the peptide itself is another route to
improved delivery.129 Stapled peptides—or macrocyclic peptides
containing intramolecular bonds that x them in a helical
conformation—resist proteolysis and display higher cellular
uptake relative to linear analogs.128 Studies on “stapled” or
“cyclized” versions of MTDH-binding peptides, such as MS2D-
cyc4 and MS2D-cyc6, suggest that cyclization confers both
enhanced potency and better metabolic stability, leading to
more robust in vivo antitumor effects.11

6.2 Small-molecule formulation approaches

6.2.1 Nanoparticle encapsulation. While small molecules
typically permeate cells more easily than peptides, optimal
tumor delivery and reduced off-target toxicity can still benet
from nanoparticle-based encapsulation.130 Liposomal formula-
tions of small-molecule MTDH–SND1 inhibitors (for instance,
early derivatives akin to C26-A2 and C26-A6) have been
proposed to prolong circulation time and concentrate payloads
within the tumor microenvironment through the enhanced
permeability and retention (EPR) effect.8,9 Although published
data remain limited, preliminary ndings indicate that nano-
encapsulation can mitigate the dose-dependent side effects
observed with unformulated compounds.131

6.2.2 PEGylation and prodrug strategies. A more tradi-
tional approach involves PEGylating small molecules or
creating prodrugs that undergo enzymatic or chemical cleavage
in the tumor milieu.132 While direct evidence for PEGylated
MTDH–SND1 inhibitors is still emerging, similar methods have
been successful for other PPI-targeted agents. By extending half-
life and lowering systemic clearance, PEGylation or site-specic
prodrug activation could help maintain steady intracellular
levels of the inhibitor, crucial for continuous disruption of
MTDH–SND1.55

6.3 Efficacy in preclinical models

Researchers have evaluated various formulation and delivery
strategies in multiple in vivo models, primarily murine xeno-
gras derived from breast cancer cell lines known to over-
express MTDH.133 These studies have consistently
demonstrated enhanced tumor uptake, with agents delivered
via cell-penetrating peptide (CPP) conjugation or nano-
encapsulation accumulating at higher concentrations within
tumors compared to free compounds.134 Additionally, these
formulations have been shown to reduce off-target toxicity by
limiting nonspecic tissue distribution and thereby minimizing
adverse effects on normal cell populations.135 Treatment
synergy is also improved; whether administered as mono-
therapy or in combination with chemotherapy, these delivery
systems oen result in deeper tumor regression and reduced
metastatic spread relative to standard therapies.136 For instance,
peptides formulated with a sulfonium-based system have
signicantly reduced tumor volume in animal models, exhib-
iting superior pharmacokinetic proles and potent inhibition
30182 | RSC Adv., 2025, 15, 30165–30188
of MTDH–SND1-driven signaling pathways.12 Similarly, small
molecules such as compound C19, when packaged in nanosized
carriers, have shown promising antitumor effects alongside
reduced systemic toxicity.9

6.4 Future outlook and combination therapies

Despite these advances, several challenges remain. One critical
need is the development of high-loading formulations capable
of carrying sufficient quantities of peptides or hydrophobic
small molecules to achieve clinically effective doses.109 Another
area of focus is active targeting, where the incorporation of
tumor-specic ligands or antibodies onto nanoparticle surfaces
may improve the localization of MTDH–SND1 inhibitors to
metastatic sites, thereby enhancing their therapeutic index.
Moreover, synergistic treatment regimens are being explored,
including the combination of MTDH–SND1 inhibitors with
immune checkpoint inhibitors or PI3K/Akt pathway blockers, as
such approaches could produce enhanced outcomes due to the
convergence of these agents on multiple pro-tumorigenic
signaling pathways.137 In parallel, novel technologies like
PROTAC-based degraders, which exploit the ubiquitin–protea-
some system, are being investigated as a means to selectively
degrade MTDH or SND1.138 Although still in early development
for this particular PPI, the potential synergy between advanced
degrader platforms and innovative delivery systems highlights
a broad and promising frontier for future research.139

7. Translational considerations and
future directions

Having established the feasibility of disrupting the MTDH–

SND1 interaction through both peptide- and small-molecule-
based approaches, the next major step lies in transitioning
these discoveries from preclinical models to clinical imple-
mentation. While this target holds considerable promise—
given its essential role in multiple oncogenic pathways—several
questions must be resolved to facilitate progress toward thera-
peutic approval. In addition, emerging technologies and
synergistic treatment paradigms could propel MTDH–SND1
inhibition into a new class of precision cancer therapies.

7.1 Pharmacokinetic and pharmacodynamic challenges

A recurring obstacle in PPI drug discovery is ensuring adequate
drug exposure and potency within the complex tumor micro-
environment. Even some of the most advanced MTDH–SND1
inhibitors (e.g., C19 or stabilized peptides like CPP-4-2) display
variability in half-life, tissue distribution, and metabolic
stability across animal studies.12,47 Achieving and sustaining
therapeutically active levels of peptide disruptors can be diffi-
cult. Despite demonstrated in vivo efficacy, formulations such
as CPP-conjugates or nanoencapsulated peptides oen require
repeated administrations.140 Previous xenogra experiments,
for instance, showed that while weekly dosing of certain cell-
penetrating peptides can slow tumor growth, drug clearance
remains relatively rapid, necessitating further PK/PD optimi-
zation.82 The complexity of SND1's involvement in RNA
© 2025 The Author(s). Published by the Royal Society of Chemistry
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metabolism means broad off-target effects are possible if an
inhibitor excessively disrupts normal SND1 functions.141 Early
leads for small-molecule MTDH–SND1 inhibitors sometimes
exhibited dose-limiting toxicity, likely due to partial selectivity
issues.9,12 Continual structure-guided design, informed by high-
resolution structural data of the SN1/SN2 interface, will be
essential for sharpening selectivity and reducing adverse effects
in vivo.142

7.2 Biomarker-driven clinical application

Because MTDH and SND1 are implicated in several cancer
types, patient selection and biomarker proling are poised to
become integral parts of any future clinical trial strategy.

Multiple studies have correlated high MTDH/SND1 co-
expression with poor prognosis in breast and liver cancers.31

As these data accumulate, it becomes feasible to use MTDH–

SND1 expression signatures as a biomarker to identify patient
subgroups most likely to benet from targeted inhibition. For
instance, mice bearing high-MTDH–expressing breast tumors
showed robust responses to experimental inhibitors, whereas
low-expressing tumors were less sensitive.133

The MTDH–SND1 axis frequently intersects with NF-kB,
PI3K/Akt, and other key signaling routes.47 Tumors harboring
hyperactivating mutations in these pathways (e.g., PIK3CA or
PTEN loss) might respond more vigorously when the upstream
MTDH–SND1 hub is dismantled.24 In one line of preclinical
research, combining MTDH–SND1 peptide inhibitors with
a PI3K inhibitor produced stronger tumor control than either
agent alone, suggesting synergy in pathway blockade.11

Evidence from knockdown studies indicates that MTDH–SND1
is tied to metastatic progression and the maintenance of tumor-
initiating cells.2,4 Monitoring circulating tumor cells (CTCs) or
relevant stemness markers may help gauge how effectively an
inhibitor is impacting the metastatic process.143 Early xenogra
data show that even a partial disruption of the MTDH–SND1
interaction can signicantly reduce micrometastatic lesions,
suggesting a promising angle for controlling or preventing
recurrence.2

7.3 Next-generation inhibitors and combination strategies

7.3.1 PROTACs and degrader approaches. In light of the
complex's importance, an emerging concept is to create
proteolysis-targeting chimeras (PROTACs) or molecular glues
that not only block MTDH–SND1 binding but also recruit E3
ubiquitin ligases to degrade one or both proteins.144 Although
PROTACs targeting this specic interaction have not yet been
broadly reported, progress in related PPI systems (such as
MDM2-p53 or BCL-xL-BCL2) suggests the methodology could be
adapted.145 Any success here would have the added benet of
permanently eliminating MTDH or SND1 from cells, as opposed
to transiently inhibiting their interaction.

7.3.2 Combination therapies. Mounting evidence suggests
that MTDH–SND1 inhibitors may act synergistically with exist-
ing cancer treatments. In the context of chemotherapy and
radiotherapy, disruption of the MTDH–SND1 complex can
impair tumor cell survival pathways, thereby sensitizing cells to
© 2025 The Author(s). Published by the Royal Society of Chemistry
DNA damage and enhancing the efficacy of standard cytotoxic
agents.2 Preclinical studies have demonstrated, for instance,
that drug-resistant breast cancer cells can regain sensitivity to
doxorubicin following inhibition of MTDH–SND1.146 In terms of
immunotherapy, MTDH overexpression is linked to the devel-
opment of immunosuppressive tumor microenvironments.
Targeting the MTDH–SND1 axis may improve the effectiveness
of immune checkpoint inhibitors by relieving MTDH–SND1-
mediated suppression of antigen presentation and cytokine
signaling, thereby restoring immune cell activity.147 Further-
more, combination strategies involving targeted pathway
inhibitors have shown promise; simultaneous inhibition of
downstream effectors such as NF-kB and PI3K/Akt has produced
greater tumor regression in both in vitro and in vivo models
compared to monotherapy approaches.148

7.3.3 Personalized and RNA-based therapeutics. Another
frontier is the integration of RNA interference (RNAi) or antisense
oligonucleotides to knock down MTDH or SND1 mRNA directly,
in combination with small-molecule or peptide inhibitors.149

Although these therapies each have intrinsic delivery and
stability challenges, combined modalities might exploit synergy
between gene-level silencing and protein-level inhibition.
7.4 Moving toward clinical trials

With growing evidence of safety and efficacy in animal models,
a logical next step is to conduct formal toxicity studies followed
by Phase I trials in selected patient cohorts. Key aspects for
clinical transition include ensuring robust pharmacokinetic
(PK) properties for either peptides or small molecules so that
safe and effective plasma exposures are achievable;109 utilizing
biomarker-driven endpoints—such as MTDH–SND1 expression
levels, response rates, or progression-free survival—to capture
the earliest signals of clinical activity;150 and performing thor-
ough safety evaluations to detect any potential immunological
or hematopoietic toxicities, given that MTDH–SND1 inhibitors
may have pleiotropic effects.22 Encouragingly, ongoing research
demonstrates that improved structural knowledge, rational
combination regimens, and advanced delivery platforms are
mitigating many of the obstacles once deemed insurmountable
in PPI targeting. With sufficient support, the MTDH–SND1 axis
could become an actionable therapeutic target in multiple
tumor settings, particularly for patients who do not respond
well to current standards of care.

Interestingly, ongoing research demonstrates that improved
structural knowledge, rational combination regimens, and
advanced delivery platforms are mitigating many of the obsta-
cles once deemed insurmountable in PPI targeting. With suffi-
cient support, the MTDH–SND1 axis could become an
actionable therapeutic target in multiple tumor settings,
particularly for patients who do not respond well to current
standards of care.
8. Outlook and path forward

The MTDH–SND1 interaction has emerged as a pivotal node in
tumor biology, profoundly impacting processes such as cellular
RSC Adv., 2025, 15, 30165–30188 | 30183
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proliferation, metastasis, drug resistance, and immune
evasion.14 From early genetic knockdown studies demon-
strating the essential nature of this complex for tumor survival,
to recent strides in rational inhibitor design, the story of
MTDH–SND1 has transformed from an abstract molecular
mechanism to a concrete therapeutic target with expanding
clinical relevance.9

8.1 Lessons learned from structural and functional studies

A wealth of structural insights has illuminated the critical resi-
dues on both MTDH and SND1 that anchor their interaction—
most notably, the tryptophans on MTDH and complementary
hydrophobic sites within the SN1/SN2 domains of SND1.9 These
discrete “hot spots” are indispensable for the stability of the
MTDH–SND1 partnership, offering an attractive foothold for
inhibitors.9 Studies using peptides, small molecules, and genetic
manipulations consistently reinforce the conclusion that block-
ing this interface can cripple multiple oncogenic signals in
pathways as diverse as NF-kB, PI3K/Akt, and Wnt/b-catenin.97 At
the same time, the reciprocal stabilization phenomenon—where
each protein bolsters the other's half-life—underscores a major
reason this pair exerts such a profound oncogenic effect. Inter-
ventions that dismantle the complex tend not only to reduce
signaling outputs but also promote degradation or inactivation of
SND1.38 This duality amplies the therapeutic impact, making
MTDH–SND1 blockade an especially potent approach to under-
mine tumors' adaptive capabilities.22

8.2 Progress and promises in therapeutic development

Research groups have demonstrated that MTDH–SND1 is
indeed druggable despite some inherent challenges in PPI tar-
geting. Peptide inhibitors such as CPP-4-2, MS2D-cyc4, and
other stabilized constructs have shown high specicity and
strong target engagement. Although delivery remains a major
hurdle, innovative carrier systems—including cell-penetrating
peptides, sulfonium-based carriers, and macrocyclization
strategies—have signicantly improved in vivo stability and
efficacy.47,128 Small-molecule inhibitors also provide compelling
evidence, with early hits such as C26-A2 and C26-A6 proving the
concept, and more recent rened leads like compound C19 and
L5 demonstrating enhanced potency and improved pharmaco-
logical proles. In vivo models have yielded encouraging tumor
growth inhibition, and combining small-molecule disruptors
with standard therapies or immunotherapies may further
amplify clinical benets.8,9,18 Nanoencapsulation, PEGylation,
and prodrug strategies aim to enhance tumor-specic delivery,
reduce toxicity, and prolong half-life.116,132 Trials in murine
xenogras point to robust synergy when MTDH–SND1 inhibi-
tion is paired with chemotherapy or targeted pathway blockers
(e.g., PI3K/Akt inhibitors).9 Collectively, these strategies high-
light a rapidly maturing eld that is poised to translate into
meaningful clinical outcomes as optimization continues.

8.3 Persisting challenges

While the potential is evident, multiple challenges warrant
attention. Regarding selectivity and toxicity, SND1's extensive
30184 | RSC Adv., 2025, 15, 30165–30188
roles in RNA metabolism raise the possibility of on-target
toxicity, making it crucial to strike a balance between potency
and the preservation of normal cellular processes.14 In terms of
complex tumor biology, tumors oen evolve redundancy in
signaling, meaning that simultaneously shutting down MTDH–

SND1 might require parallel blockade of compensatory path-
ways to achieve durable responses.14 Finally, translational
hurdles remain, as moving from promising xenogra data to
human trials demands thorough toxicological evaluations,
robust biomarker strategies, and large-scale manufacturing
capacity for specialized formulations.151
8.4 Path forward: toward clinical trials and beyond

A few logical trajectories dene the next phase of MTDH–SND1
research. In clinical trial design, dening ideal patient pop-
ulations—such as tumors with high MTDH–SND1 co-expres-
sion—and establishing early proof-of-mechanism endpoints,
including SND1 levels or changes in tumor-initiating cell
markers, will be critical for Phase I/II trials.3 Synergy with
emerging modalities also holds promise; mitigating immune–
evasive properties fostered by MTDH–SND1 could open new
avenues for checkpoint inhibitors, while harnessing the speci-
city of small-molecule binders to degrade MTDH or SND1
entirely through molecular glues or PROTACs may dramatically
lower the risk of treatment escape.138 Deepened structural
insights, such as additional co-crystal structures and advanced
simulation models, could further rene small-molecule design
and push potency into the high-affinity range needed for clin-
ical success. Expansion to other cancers is another important
direction, as although most research has focused on breast,
liver, and prostate cancers, the high incidence of MTDH over-
expression across many tumor subtypes suggests broader
therapeutic potential. Ultimately, the MTDH–SND1 axis stands
at the crossroads of numerous cancer-driving processes, and as
more potent, selective, and clinically viable inhibitors emerge,
the prospect of meaningfully affecting treatment-resistant
malignancies grows increasingly tangible.152 Through iterative
optimization, advanced delivery solutions, and rational
combination therapies, targeting the MTDH–SND1 complex
may redene success in oncology, offering more effective
strategies against some of the toughest malignancies
known.2,9,12,14,18
9 Conclusion

Over a decade of intensive research has painted a compelling
picture of MTDH–SND1 as a central signaling hub driving
malignancy in various cancers, most notably breast cancer.
From basic mechanistic discoveries to the development of
peptides and small-molecule inhibitors, this PPI has trans-
itioned from an elusive target to a tangible candidate for ther-
apeutic intervention. Preclinical evidence indicates that
dismantling MTDH–SND1 diminishes key oncogenic pathways,
reduces tumor growth, and can synergize with existing treat-
ments. Advances in formulation technologies—ranging from
cell-penetrating peptides to nanoparticle encapsulation—have
© 2025 The Author(s). Published by the Royal Society of Chemistry
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meanwhile addressed some inherent barriers to drug delivery,
thereby broadening the scope of clinically relevant applications.
Despite these advances, challenges remain. The essential roles
of SND1 in normal cellular functions mean that careful atten-
tion to toxicity and off-target effects will be critical in future
clinical testing. Additionally, identifying the patient pop-
ulations most likely to benet from MTDH–SND1 inhibition—
based on tumor expression proles, co-occurring mutations, or
other biomarkers—could help maximize therapeutic benet
while minimizing unnecessary interventions. The eld will also
need to rene the pharmacokinetics and manufacturing scale-
up for novel peptides and chemical scaffolds, paving the way
for more seamless transitions from the laboratory to the clinic.
Nevertheless, the momentum gathered thus far underscores the
enormous potential of MTDH–SND1 – targeted therapies to
transform cancer care. As renements in structure-based
design, delivery platforms, and combination regimens
continue, MTDH–SND1 blockade stands poised to address
unmet needs in aggressive, therapy-resistant tumors. Ulti-
mately, success in this domain would mark an important
milestone in the broader effort to transform PPI modulators
into robust, lifesaving treatments.
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F. F. Contreras-Torres, O. Saucedo-Cárdenas and A. Soto-
Domı́nguez, Toxicon, 2024, 244, 107753.

132 R. Mahato, W. Tai and K. Cheng, Adv. Drug Del. Rev., 2011,
63, 659–670.

133 L. Yang, Y. Tian, W. S. Leong, H. Song, W. Yang, M. Wang,
X. Wang, J. Kong, B. Shan and Z. Song, Breast Cancer Res.,
2018, 20, 113.

134 H. He, L. Sun, J. Ye, E. Liu, S. Chen, Q. Liang, M. C. Shin and
V. C. Yang, J. Controlled Release, 2016, 240, 67–76.

135 M. T. Manzari, Y. Shamay, H. Kiguchi, N. Rosen, M. Scaltriti
and D. A. Heller, Nat. Rev. Mater., 2021, 6, 351–370.

136 Q. Hu, W. Sun, C.Wang and Z. Gu, Adv. Drug Del. Rev., 2016,
98, 19–34.

137 Q. Jiang and K. Ganesh, Nat. Cancer, 2022, 3, 6–8.
138 B. Cheng, X. Fei, Z. Ding, X. Peng, Z. Su,W. Pan and J. Chen,

J. Med. Chem., 2024, 67, 6906–6921.
139 A. Vikal, R. Maurya, B. B. Patel, R. Sharma, P. Patel,

U. K. Patil and B. Das Kurmi, Drug Deliv. Transl. Res.,
2025, 15, 1801–1827.
30188 | RSC Adv., 2025, 15, 30165–30188
140 K. Desale, K. Kuche and S. Jain, Biomater. Sci., 2021, 9,
1153–1188.

141 L. Liu, L. Yu, Y. Wang, L. Zhou, Y. Liu, X. Pan and J. Huang,
Pharmacol. Res., 2024, 207, 107305.

142 P. O. Adero, H. Amarasekara, P. Wen, L. Bohé and D. Crich,
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