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Abstract

Nup88 is frequently found overexpressed in human malignancies and is associated
with aggressive tumor behavior. Yet the molecular details of elevated Nup88-
dependent oncogenic growth remain poorly understood. Here, we report SENP3 as a
functional determinant of Nup88-driven phenotypes in breast cancer. Patient datasets
analyses revealed a strong positive association between Nup88 and SENP3
expression, and their coordinated abundance in breast tumor specimens.
Enhancement in Nup88 levels in cells resulted in increased SENP3 expression.
Conversely, Nup88 depletion reduced SENP3 abundance in a proteasome-dependent
manner. Interestingly, modulation of SENP3 altered the intracellular distribution of
Nup88, promoting its intranuclear and nucleolar accumulation. Concomitant increase
in Nup88 and SENP3 levels enhanced pre-rRNA processing and increased levels of
ribosomal proteins, indicative of modulated ribosome biogenesis. Enhanced Nup88
levels promoted cell cycle progression owing to increased CDK6 expression and
activation of E2F-responsive programs. These effects were substantially attenuated
following SENP3 depletion. In accordance, elevated Nup88 levels enhanced colony
formation and tumor spheroid growth in vitro and promoted tumor expansion in in vivo
mice model. Together, our findings uncover a previously unrecognised functional
relationship between Nup88 and SENP3 in cancer. The Nup88-SENP3 axis provides
an explanation to Nup88 level dependent biosynthetic, metabolic and proliferative

alterations in cancer.
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Introduction

Nup88 is frequently overexpressed in cancers and its abundance is associated with
tumor aggressiveness and adverse clinical outcomes(1-3). Canonically, Nup88 is a
component of the cytoplasmic face of the nuclear pore complex (NPC), where along
with Nup214, it contributes to the regulation of exportin-1/CRM1-dependent transport
(4-6). Non-conventional functions of Nup88 include mitotic regulation, spindle
organization and regulation of chromosomal stability (7—10), thereby creating a

favorable environment for malignant growth (3,11) .

The cytoplasmic face of the NPC hosts important components of the SUMOylation
based protein-modification machinery. SUMO-specific peptidases (SENPs) are
involved in maturation and deconjugation of SUMO moieties in the SUMOylation cycle
(12,13). The class of nucleolar SENPs, SENP3 and SENP5 regulate the modification
status of SUMOylation proteins involved in nucleolar rRNA processing and ribosomal
subunit maturation (14-16). Particularly, perturbation of SENP3 activity disrupts
ribosome biogenesis, underscoring its importance in nucleolar functions (15).
Moreover, SENP3 is responsive to oxidative stress (17) and is crucial for cancer
adaptation (18-21). SENP3 is dynamically regulated by cellular conditions and when
dysregulated, it impacts tumor cell survival, proliferation and metabolic adaptation (22—
24), suggesting that SENP3 exerts a broader influence on cancer-relevant cellular

programs.

Here, we report a strong positive correlation between Nup88 and SENP3
overexpression in breast cancer. Their association alters rRNA biogenesis and 60S-

pre-ribosomal assembly, enabling modulated cellular biosynthetic capacity. Further,
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we demonstrate a previously unrecognised facet of Nup88 biology, where Nup88
regulates CDK6 driven pRb/E2F-mediated cell cycle phase transition providing

proliferation potential to breast cancer cells.

Results

Nup88 and SENP3 levels positively correlate in breast cancer

To ascertain the clinical relevance of Nup88 in breast cancer, we analysed Nup88
expression pattern using CPTAC datasets. As compared to normal tissues, breast
tumor samples exhibited significantly higher Nup88 levels (Fig. 1A). More detailed
analysis revealed that Nup88 expression was significantly increased across Luminal,
HER2-positive, and triple-negative breast cancer (TNBC) subtypes, compared to
normal tissue (Fig. 1B). Highest levels of Nup88 in TNBC samples highlighted a
potential association between Nup88 levels and aggressiveness of tumor subtype.
Further, stratification by pathological stage indicated a positive correlation between
Nup88 levels and tumor stage (Fig. 1C). Moreover, Kaplan-Meier survival analysis
based on Nup88 expression levels suggested significantly reduced overall survival in
patients with high Nup88 expression (Fig. 1D). Collectively, these observations support
a potential role for Nup88 in driving tumor progression.

To identify the potential partners of Nup88 functionality in breast cancer, we performed
a correlation-based network analysis using TCGA datasets. This analysis revealed an
interconnected gene network of Nup88, where a SUMO-specific protease, SENP3,
represented a significantly enriched and highly connected node (Fig. 1E). Moreover,

correlation analyses across independent breast cancer datasets confirmed a strong
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positive association between Nup88 and SENP3 expression (R = 0.59; Fig. 1F),
indicating their coordinated regulation in tumors.

Furthermore, similar correlation analyses between Nup88 and other known SENP
family members did not show any significant correlation (Fig. S1). Conversely, the
correlation of SENP3 expression with other Nups from different subcomplexes within
the NPC correlated poorly, except for a weak positive correlation with Nup214 (R =
0.224, p < 0.0001; Fig S2). However, the strongest positive correlation amongst the
tested Nups was exhibited between Nup88 and SENP3 expression (R = 0.634, p <
0.0001; Fig. S1).

Finally, we examined the expression of Nup88 and SENP3 proteins in patient breast
tumor tissues and autologous adjacent samples via immunohistology analysis. We
observed a significant increase in Nup88 and SENP3 staining in tumor tissues with
SENP3 expression pattern that broadly paralleled Nup88 expression (Fig. 1G,H,S3).
Together, these observations identify SENP3 as a key Nup88-associated factor in
breast cancer, providing a strong rationale for investigating a functional connection

between Nup88 and SENP3 in breast cancer.

Nup88 stabilises SENP3 and undergoes SENP3-mediated relocalisation

To determine whether Nup88 can functionally regulate SENP3, we used MCF7
(Luminal) and MDA-MB-231 (TNBC) cells throughout this study to validate our
observations made with clinical datasets. Expression of GFP-Nup88 in MCF7 cells
resulted in an increase in SENP3 transcript levels (Fig. 2A), and a pronounced increase

in SENP3 protein levels compared to GFP-expressing control cells (Fig. 2B). To
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exclude potential tag-dependent effects, Nup88 was expressed with a Myc-tag.
Expression of Myc-Nup88 resulted in elevation of SENP3 levels comparable to GFP-
Nup88 (Fig. S4A). Further, flow cytometry analysis validated Nup88 overexpression
dependent enhancement in SENP3 in both MCF7 and MDA-MB-231 (Fig. 2C-F) cells.
Next, we examined if SENP3 reciprocally regulates Nup88 levels. We overexpressed
SENP3 in MCF7 cells, and assessed endogenous Nup88 levels. Quantitative
immunoblot analysis suggested no significant change in Nup88 levels in SENP3

overexpressing cells (Fig. 2G, S4B).

We next examined the effect of Nup88 depletion on SENP3 protein levels. Nup88
depletion in MCF7 cells resulted in a marked reduction in SENP3 protein abundance
compared to control cells (Fig. 2H). We further hypothesized that Nup88 may regulate
SENP3 stability through a proteasome-dependent mechanism. Accordingly, SENP3
levels in cells which reduced upon Nup88-depletion, were restored to normal levels
when treated with the proteasome inhibitor, MG132 (Fig. 2H). Quantitative analysis
revealed that SENP3 levels decreased by approximately 2.5-fold upon Nup88
depletion in the absence of MG132. However, SENP3 levels were comparable
between MG132-treated control and Nup88-depleted cells (Fig. 2I). Flow cytometry
analysis further validated the reduction in SENP3 upon Nup88 depletion (Fig S4C,D).
These findings indicate that Nup88 is required for maintaining basal SENP3 protein
levels by preventing proteasome-mediated degradation.

SENP3 is a resident nucleolar protein (15), a sub-cellular location distinctly different
from Nup88 localisation domain. SENP3 did not regulate Nup88 levels, so we asked if
SENP3 can govern the dynamic intracellular distribution of Nup88.
Immunofluorescence analysis of mCherry-SENP3 expressing MCF7 cells, intriguingly

revealed a fraction of endogenous Nup88 relocalising to the nucleolus (Fig. 2J, upper
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panel). This observation raised the possibility of SENP3 governing Nup88 recruitment
to nucleolar compartments. We further utilised doxycycline-inducible GFP-Nup88
expressing stable cells and co-expressed mCherry-SENP3. Following doxycycline
treatment (0.5 pyg/mL), a pronounced enrichment of GFP-Nup88 within the nucleolus
was observed, with prominent colocalisation with SENP3, consistent with a SENP3
concentration-dependent recruitment (Fig. 2J, middle panel). To determine whether
the catalytic property of SENP3 is necessary for this Nup88 redistribution, we utilised
a catalytically inactive SENP3 mutant (C532A), referred to as SENP3m.
Overexpression of mCherry-SENP3m also drove GFP-Nup88 within the nucleolar
compartment with striking colocalisation with SENP3 (Fig. 2J, lower panel). Thus,
SENP3-dependent recruitment of Nup88 to the nucleolus is independent of its catalytic
activity. These observations suggest that Nup88 and SENP3 can form a regulatory

axis in breast cancer that may influence oncogenic phenotypes.

Nup88-SENP3 axis promotes tumor proliferation in breast cancer

Next, we asked if a coordinated regulation by Nup88 and SENP3 can lead to
measurable oncogenic outcomes like proliferation and tumor growth. We probed the
contribution of a potential Nup88-SENP3 axis in breast cancer cell proliferation by
assessing Ki67, a marker of active cell cycling. Nup88 overexpressing MDA-MB-231
cells markedly increased nuclear Ki67 staining compared with GFP controls (Fig. 3A),
and quantification revealed significant increase in Ki67 levels. Interestingly, SENP3
depletion in Nup88-overexpressing cells reduced Ki67 levels comparable to control
cells (Fig. 3B). Concurring observations were made for Ki67 levels, when Nup88 and

SENP3 levels were altered in MCF7 cells (Fig. 3C). Flow cytometry analysis similarly
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showed a rightward shift in Ki67 peak following Nup88 overexpression, and a shift
moving closer to Ki67 peak observed in GFP expressing cells when SENP3 was
depleted in Nup88 overexpressing cells (Fig. 3D). Together, these data indicated a

functional role for the Nup88-SENP3 regulatory axis in cellular proliferation.

We next asked whether Nup88-driven proliferative activity confers a sustained
clonogenic advantage. Nup88 overexpression in breast cancer cells increased total
colony area by approximately three and two folds respectively in MDA-MB-231 and
MCF7 cells as compared to GFP expressing cells, suggesting a clonogenic growth
advantage. Noticeably, SENP3-depletion in Nup88 overexpressing cells substantially
suppressed the clonogenic potential, indicating that SENP3 is a functional mediator of
Nup88-driven clonal expansion (Fig. 3E-G). Further, we examined the importance of
the Nup88-SENP3 axis in driving 3D-spheroid formation. Consistent with previous
observations, Nup88-expressing MDA-MB-231 cells generated a larger mean spheroid
area (~0.21 mm?) as compared with GFP controls (0.07 mm?). The spheroid area
decreased to 0.10 mm? when SENP3 was depleted in the Nup88-overexpressing cells
(Fig. 3H,1). Similarly in MCF7 cells, the mean spheroid area for control cells (0.11 mm?),
increased to 0.21 mm? upon Nup88-overexpression and returned to control values 0.10
mm? when SENP3 was depleted (Fig. 3J,K). Thus, the Nup88-SENP3 axis seems

operational and effective in three-dimensional tumor-relevant context as well.

Nup88-SENP3 axis enhances tumor formation and progression in vivo

We next asked whether this relationship translates into tumor growth in vivo. In this
context, we employed a subcutaneous xenograft model using doxycycline inducible

MDA-MB-231 cells stably expressing GFP, Nup88, or Nup88 together with SENP3
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depletion in immunocompromised NOD/SCID mice, following the experimental

scheme shown in Fig. 4A and details mentioned in the methods section.

The tumors excised from the Nup88-overexpressing group of mice were visibly larger
than those from control animals. Notably, concomitant SENP3 depletion significantly
reduced this tumor-growth phenotype, indicating substantial attenuation of the Nup88-
dependent growth advantage (Fig. 4B,C). Endpoint measurements for Nup88-
overexpressing tumors indicated a mean weight of 2.15 £+ 0.48 g and volume of
1,887.61 £ 192.61 mm?3, ~ 3-fold higher when compared with 0.79 + 0.13 g and 576.15
1+ 137.21 mm? in control tumors. When SENP3 is depleted in Nup88-overexpressing
tumors, ~33% reduction in tumor weight and volume to 1.42 + 0.54 g and 1,371.35
548 mm?, respectively (Fig. 4D,E) was noticed. These findings establish that the

Nup88-SENP3 axis is also functional in tumor growth in vivo.

Interestingly, when xenografts were processed following the protocol mentioned in Fig.
4F, SENP3 and Ki67 levels were significantly higher in Nup88-overexpressing tumor
regions in comparison with control tumors (Fig. 4G,H). Together, these findings provide
functional validation of the Nup88-SENP3 axis operating to promote tumor growth and

proliferation in vivo.

Nup88 regulates ribosome biogenesis in a SENP3 dependent manner

SENP3 in essence is a resident nucleolar protein and a regulator of nucleolar

homeostasis and ribosomal maturation. Elevated SENP3 levels recruiting Nup88 to

nucleolus (Fig. 2J) implicated the importance of Nup88-SENP3 axis in nucleolar
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function and ribosome biogenesis, processes frequently upregulated in cancer to
support sustained proliferation. In this regard, we performed Gene set enrichment
analysis (GSEA) to examine how Nup88 provides a proliferative potential to cancer
cells. This analysis revealed a strong positive enrichment score (NES=2.03) and
significant enrichment for gene sets associated with ribosomal RNA (rRNA) processing
in Nup88-overexpressing cells (Fig. 5A). RT-gPCR analysis revealed a marked
increase in 47S pre-rRNA following Nup88 overexpression, consistent with enhanced
rRNA production (Fig. 5B). Mature 28S rRNA was similarly increased, indicating that
the elevation in precursor rRNA was accompanied by increased accumulation of
mature rRNA (Fig. 5C). Moreover, SENP3 depletion substantially reduced the Nup88-
dependent increase in both 47S pre-rRNA and 28S rRNA transcript levels (Fig. 5B,C),
implicating SENP3 as an important mediator of Nup88-induced ribosome biogenesis

response.

Furthermore, the transcripts encoding components of the 60S large ribosomal subunit,
including RPL28, RPL5 and RPL11, were significantly elevated upon Nup88
overexpression (Fig. 5D-F). This induction in the level of RPLs was markedly reduced
following SENP3 knockdown in the Nup88-overexpressing background. We then
asked whether transcriptional changes were accompanied by altered abundance and
intracellular distribution of ribosomal proteins. We focused on RPL5, a core 60S
ribosomal protein with established functions in ribosome assembly and nucleolar
organization (25,26). As compared to low and diffused nucleolar staining of RPL5 in
MDA-MB-231 cells under basal conditions, Nup88 induction resulted in overall
increase in RPL5 abundance and accumulation within both nucleolar and cytoplasmic
compartments (Fig. 5G). Flow cytometric analysis further confirmed the increase in

RPL5 abundance, with Nup88-overexpressing cells displaying a distinct rightward shift
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in RPLS fluorescence relative to control. SENP3 depletion partially reversed this shift,
reducing RPL5 levels towards baseline (Fig. 5H). Together, these findings indicate that

the Nup88-SENP3 axis engages ribosome biogenesis at multiple levels.

Next, we performed polysome profiling with cell lysates to observe a distinct
redistribution of ribosomal species upon Nup88 overexpression. Using puromycin as a
positive control for polysome collapse, that induces accumulation of the pre-polysomal
fractions, Nup88 overexpression resulted in a pronounced increase in the pre-
polysome peaks, while polysome-associated fractions showed a modest alteration
relative to control cells (Fig. 51). This suggests a remodeling of ribosome organization
upon Nup88 overexpression. Analysis of different polysome fractions for the presence
of the ribosomal protein RPL5 indicated increased RPL5 abundance in the polysome-
associated fractions, upon Nup88-overexpression (Fig. 5J,S6A). This redistribution
was attenuated following SENP3 depletion in Nup88 overexpressing background,

although RPL5 remained detectable in the corresponding ribosomal fractions.

We next investigated the potential involvement of PELP1, a nucleolar scaffold protein
implicated in ribosome assembly and pre-60S subunit maturation (27,28), whose
function is regulated by SENP3-mediated modification (16,29). The gene network
analysis of Nup88 in breast cancer found PELP1 as a strongly associated node (Fig
S6B), with a direct correlation analysis depicting strong correlation between Nup88 and
PELP1 (R = 0.51; Fig. 5K). Interestingly, PELP1 protein abundance increased to ~5.3-
fold upon GFP-Nup88 expression as compared to GFP-expressing control (Fig. 5L),
indicating that Nup88 positively regulates PELP1 levels. SENP3 depletion produced
only a modest reduction in PELP1 abundance to ~4.6-fold, corresponding to ~13%

decrease relative to Nup88-overexpressing cells. This may point towards both SENP3-
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dependent and additional SENP3-independent mechanisms regulating Nup88-
mediated modulation of PELP1. We next assessed PELP1 localisation dynamics in
MCF7 cells. In GFP control cells, PELP1 was predominantly found diffused inside
nucleoplasm and nucleolus (Fig. 5M, upper panel). However, Nup88 overexpression
redistributed PELP1, with reduced nucleolar signal but increased nucleoplasmic
accumulation (Fig. 5M, lower panel), indicating regulation of PELP1 dynamics by
increased Nup88. These observations underscore the complexity of the Nup88-SENP3

axis mediated regulation on nucleolar function and ribosomal output in cancer cells.

Nup88-mediated acceleration through G1-S phase is CDK6 and SENP3-

dependent

After substantiating that the Nup88-SENP3 axis promotes ribosome biogenesis, we
probed the involvement of cyclin-dependent kinase 6 (CDK6), a key regulator of the
G1-S transition (30) and a signaling node that can be influenced by nucleolar SENP-
dependent mechanisms (31). As compared to GFP control, Nup88 overexpression
caused a marked increase in CDK6 protein levels (Fig. 6A). Notably, depletion of
SENP3 substantially decreased this induction, indicating that CDK6 upregulation

downstream of Nup88 is dependent on SENP3.

To determine whether Nup88-associated changes extend beyond CDK6 to broader
cell cycle transcriptional programs, we performed GSEA. Both the E2F target
(NES=2.59) and G2/M checkpoint (NES=1.98) gene sets were significantly enriched
in Nup88-high cells (Fig. 6B,C), consistent with activation of transcriptional programs

associated with cell cycle progression. Given the established role of CDK6-dependent
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Rb phosphorylation in releasing E2F transcription factors (32,33), an increase in E2F-
responsive transcripts CCNE1, TK1 and NOPS56 was observed in Nup88-
overexpressing cells (Fig. 6D-F), whereas their expression is substantially reduced in

SENP3 depleted but Nup88-overexpressing cells.

To assess any alteration in cell cycle dynamics due to CDKG6 induction and E2F
activation, GFP, GFP-Nup88 and GFP-Nup88 cells depleted of SENP3 were
synchronised in G1 phase with the CDK4/6 inhibitor, Palbociclib, and released. and
examined for cell cycle kinetics by flow cytometry (Fig. 6G). Immediately after release
(O hours post release, 0 hpr), bulk of the cells across all conditions remained in G1,
confirming effective and comparable synchronisation (Fig. S7). But 12 hpr, Nup88-
overexpressing cells displayed a more rapid redistribution into later cell cycle phases
(from ~46% in GFP control to ~53% in GFP-Nup88 expressing cells in S-phase),
indicating accelerated transition to S-phase. This phenotype was attenuated by SENP3
depletion, which resulted in a relative accumulation of cells in earlier phases (from
~29% in GFP-Nup88 expressing cells to ~37% in SENP3 depleted GFP-Nup88
expressing cells) and delayed cell cycle progression (Fig. 6H,l). Further, after
Palbociclib synchronisation-release, status of Rb phosphorylation was assessed.
Nup88 overexpression resulted in increased phosphorylation of Rb (pRb-S780),
whereas SENP3 depletion significantly diminished pRb generation (Fig. 6J). These
observations validate activation of the CDK6-Rb pathway downstream of Nup88-

SENP3 axis that mediates enhanced G1-S transition.
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Discussion

Functions of many nucleoporins, including Nup88, extend beyond their canonical roles
in nucleocytoplasmic transport (3,34—36). Nup88 is recognised as a cancer-associated
nucleoporin (1,2), although mechanisms underlying its contribution to tumor
progression remain inadequately understood. Our analyses demonstrate Nup88 as a
consistently elevated protein in breast cancer, irrespective of subtype or disease stage
and identify its increased expression associated with adverse patient prognosis.
SENP3, localised to nucleolus, is a SUMO-specific protease with well-established roles
in rRNA processing, ribosome maturation, and nucleolar organisation (15,16,29).
Moreover, enhanced SENP3 expression and function is reported in glioma, head and
neck, gastric, and ovarian cancers (24). The strong positive correlation between Nup88
and SENP3 expression across breast cancer patient tissues, thus, aligns this clinically
relevant Nup88-SENP3 association with increased biosynthetic needs of cancer cells.
Consequently, we uncover a previously uncharacterised role for Nup88 in coupling its
overexpression to the biosynthetic adaptation of proliferating cancer cells and its
regulation by a functional relationship between Nup88 and SENP3. The ability of
SENP3 to influence the intracellular distribution of Nup88 further provides a
spatiotemporal clue about the involvement of Nup88-SENP3 axis in reorganisation of

the nucleolus.

Ribosome production is extensively rewired during oncogenic transformation to sustain
increased cellular demands (37,38). Moreover, the importance of SENP3 in PELP1-
dependent 60S-pre-ribosomal particle assembly and transport is well recognised

(16,39). We report here that the Nup88-SENP3 axis governs the coordinated changes
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observed across synthesis of rRNA, ribosomal components and PELP1 localisation.
Increased production of rRNA and ribosomal proteins, together with the accumulation
of the nucleolar pool of RPL5 is consistent with enhanced availability of ribosomal
components at the site of pre-ribosome assembly. The simultaneous increase of RPL5
in cytoplasm further suggests an expansion of the cellular ribosomal protein pool when
the Nup88-SENP3 axis is engaged. This may also reflect consensus with the
previously observed function of the Nup88-Nup214 subcomplex in the nuclear export
of pre-60S ribosome subunits (40), linking Nup88 to multiple stages of ribosome
maturation. Interestingly, co-expression of Nup214 in Nup88 overexpression
background was previously observed to ameliorate multinuclear phenotypes in cells in
culture (7), suggesting that the relative abundance of Nup88 and its associated
nucleoporins may influence cellular outcomes. In contrast, the weak correlation
between Nup214 and SENP3 in breast cancer indicates that the Nup88-SENP3 axis
associated oncogenic outcomes have strong and specific Nup88 contributions.
Interestingly, Nup62 copies Nup88 expression pattern in head and neck cancer and
stabilizes Nup88 to influence the proliferative, apoptotic, and pro-inflammatory
pathways (41). A poor correlation score between Nup62 and SENP3 in breast cancer
further emphasizes the context-dependent contribution of Nup88 dysregulation in
imparting tumorigenic potential to cells. The dynamic intracellular distribution of PELP1
under the influence of elevated Nup88 parallels the heterogeneous nuclear and
cytoplasmic patterns of PELP1 localisation associated with cellular state and tumors,
including breast cancer (42,43). Altered PELP1 abundance and redistribution
accompanying Nup88 dysregulation may therefore reflect remodeling of the ribosome
biogenesis machinery imposed by malignant growth. Taken together, we find that

increased Nup88 levels are consistent with SENP3-integrated enhancement of the
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ribosome biogenesis program to support the elevated biosynthetic demands of

sustained proliferation in cancer.

Bypassing cell cycle checkpoints and accelerated cell cycle phase transitions have
been one of the mechanisms operational in cancers (44). Emerging evidence suggests
that proliferating cells must align their enhanced biosynthetic capacity with cell cycle
progression events (37). This coupling between ribosome biogenesis and cell cycle
transitions is crucial, as cells must achieve sufficient growth before committing to
division, and its dysregulation causes aberrant proliferation commonly seen in
aggressive cancers (38,45). We observe that dysregulated Nup88 also facilitates
accelerated G1-S phase transition. Moreover, previous literature implicates alterations
in Nup88 levels and stabilisation of enhanced Nup88 proteins in mitotic regulation
(7,10). Perhaps, Nup88 influences the fidelity of cell division through cyclin-dependent
kinases and transcriptional reprogramming at distinct cell cycle phases. In addition,
alterations in global and specific SUMOylation and dysregulated SUMO-specific
proteases, including SENP3, are common in tumors (24,46). Notably, SUMOylation of
CDK6 by SUMO1, but not SUMO2/3, was shown to stabilise CDK6 and affect cell cycle
and glioma progression (47). In our study, Nup88-mediated SENP3 regulation was
associated with CDK6-dependent accelerated G1-S phase transition; however,
because SENP3 preferentially deSUMOylates SUMOZ2/3, our findings place the
SENP3-dependent regulation of CDK6 within a broader landscape of SUMO-linked cell
cycle control. Accordingly, Nup88 functions as a molecular conduit capable of

coordinating cellular growth programs and proliferative signaling in tumors.
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Succinctly, our findings extend the functional repertoire of Nup88 and identify a Nup88-
SENP3 regulatory axis that connects nucleoporin dysregulation with nucleolar
organization and cell cycle regulation (Fig. 7). This axis provides a framework for
understanding how elevated Nup88 supports the growth and proliferation of breast
cancer cells. Our observations with Nup88 also open avenues for detailed future
investigations of nucleoporins at nuclear envelope and nucleolus in coordinating a

synchrony between cell cycle and cellular biosynthetic demands.
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Materials and Methods

Plasmids

Plasmids pEGFP-C1-Nup88 (#64283), pcDNA3.1-Nup88 (#64281), and pEBG-PELP1
(#65209) were obtained from Addgene. The pLVX-TetOne-Puro vector, used for stable cell
line preparation, was a kind gift from Dr. Jomon Joseph, NCCS, Pune, India. GFP-tagged
Nup88 was subcloned from the pEGFP-C1-Nup88 construct into pLVX-TetOne-Puro using
Agel and BamHI restriction sites. shRNA plasmids were obtained from Sigma, Mission human
genome shRNA library. SENP3 and its catalytic mutant SENP3(C532A) were subcloned from
RGS-SENP3 (Addgene #18048) and RGS-SENP3m (Addgene #18714) constructs into the
pmCherry-C1 vector between Sacl and Sall sites. All constructs were verified by Sanger

sequencing.

Breast tumor sample collection and immunohistology analysis (IHC/IF)

5 pm paraffin-embedded breast tumor sections mounted on poly-L-lysine coated slides were
obtained from Bansal Hospital, Bhopal, India. The study was performed in accordance with
approval from the Institute Ethics Committee of the Indian Institute of Science Education and
Research Bhopal, India (IISERB/IEC/2016/Meeting-1/04). Sections were deparaffinised
overnight at 65 °C, treated with xylene, and rehydrated through gradient concentrations of
ethanol (100%, 95%, 70%, 50%), and finally distilled water. Antigen retrieval was done by
boiling the tissue in Tris-EDTA buffer (pH 9.0) for 15 min. For DAB-based IHC, samples were
power blocked with 10% hydrogen peroxide solution for 15 min at room temperature. Then,
primary antibodies against Nup88 and SENP3 were incubated for 1 h at RT in separate
sections of the same sample, followed by secondary antibody incubation for 15 min, PolyExcel
poly-HRP and DAB development. Sections were counterstained with hematoxylin, washed,
dried and mounted. For IF, after antigen retrieval, sections were blocked with 5% normal goat

serum (NGS) for 1 h at RT. Samples were then incubated with primary antibodies for 1.5 h,
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washed thrice, followed by appropriate Alexa Fluor secondary antibodies for 30 min at RT.
Nuclear counter stain was performed and samples were mounted using DAPI containing
Fluoroshield mounting medium (Sigma-Aldrich, F6057). Images were acquired using Olympus
FV3000 confocal laser scanning microscope with a 20x objective and analysed using
ImgaeJ/Fiji. Total 10 patient samples were used for the study and the details of these tissues

obtained from breast cancer patients are provided in Supplementary Table 1.

Cell culture

HEK293T (CRL-3216), MCF-7 (HTB-22) and MDA-MB-231 (HTB-26) cells were obtained from
ATCC and routinely maintained under standard tissue culture conditions at 37 °C in a
humidified incubator with 5% CO2. Cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco #11995) supplemented with 10% fetal bovine serum (FBS; Gibco #A5256801)

and 100 units/ml penicillin-streptomycin (Gibco #15240).

Lentivirus production and generation of stable cell lines

HEK293T cells were transfected with the respective transfer plasmids, pLVX-TetOne-Puro-
GFP-Nup88 or pLKO.1 shRNA plasmid and packaging plasmids- psPAX2 and pMD2.G at a
10:5:1 ratio using polyethyleneimine (PEI) following the standard protocol. After 12 h, the
media was replaced with fresh DMEM media containing 10% FBS and antibiotics. Viral
supernatants were collected after at 24 and 48 h, clarified by centrifugation, filtered through a
0.45 pym filter and stored at -80° C until further use. MCF-7 and MDA-MB-231 cells were
transduced with respective lentiviral particles in the presence of 8 yg/mL polybrene (Sigma-
Aldrich, TR-1003). After 48 h, transduced cells were selected with 0.5 ug/mL puromycin
(Sigma-Aldrich, P9620) for 72 h. Doxycycline (Sigma, D5207) was used to induce expression

of desired constructs in successfully transduced cells.
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Western blotting

Cells were lysed using RIPA lysis buffer (50 mM Tris pH 7.5, 10 mM EDTA, 1 mM EGTA, 150
mM NaCl, 1% Triton X 100, 0.2% Sodium deoxycholate) supplemented with 1x Protease
inhibitor cocktail and 100 mM PMSF. Cell lysates were sonicated and centrifuged at maximum
speed to collect the supernatant. The supernatant was quantified using Bradford assay, and
samples were prepared by adding 6X SDS sample buffer and boiled for 10 min at 100° C. The
proteins separated by SDS-PAGE were transferred onto an activated PVDF membrane and
blocked with 5% (w/v) BSA, followed by probing with suitable primary and secondary
antibodies. Detection of bands was performed using the LI-COR Odyssey infrared imaging
system (LI-COR Biosciences, Model: 9120). Detailed list of antibodies used is provided in

Supplementary Table 2.

RNA isolation and Quantitative RT-PCR

Total RNA was isolated using Helix Biosciences RNA isolation kit (#FATRK001). 1 ug of total
RNA was reverse transcribed to cDNA by iScript DNA synthesis kit (BioRad #17088) as per
the manufacturer's instructions. RT-PCR was performed using SYBR Green PCR master mix
(iTaq Universal SYBR Green Supermix, BioRad) on QuantStudio 5 (Applied Biosystems,
Thermo Fisher Scientific). Actin gene was used for normalisation, and the relative transcript
level was calculated by CT value (2-24€T). Ordinary one-way ANOVA was used to compare the
differences in the gene expression, and p-value < 0.05 was considered significant. The primers

used are listed in Supplementary Table 3.

Immunofluorescence

MCF-7 and MDA-MB-231 cells were cultured on sterile glass coverslips and
transfected/treated as indicated. Cells were fixed using 4% paraformaldehyde for 15 min and
permeabilised with phosphate-buffered saline (PBS) containing 0.1% Triton X-100 for 10 min

at RT. Cells were subsequently blocked with 3% NGS for 30 min at RT. Primary antibodies
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were diluted in PBS supplemented with 2% NGS and incubated overnight at 4 °C. After three
washes with PBS, cells were incubated for 1 h at RT with Alexa Fluor-conjugated (488, 568,
or 647) secondary antibodies, followed by three washes again with PBS. Coverslips were
mounted onto glass slides using Fluoroshield mounting medium containing DAPI. Images were
acquired using FV3000 confocal laser scanning microscope (Olympus) and processed using

ImageJ/Fiji software.

Antibody based detection by flow cytometry

Cells were harvested following doxycycline induction where applicable and fixed with 4%
paraformaldehyde for 15 min at RT. Fixed cells were permeabilised with 0.1% Triton X-100 for
5 min, then washed twice and then blocked with 3% NGS for 15 min at 4 °C. Cells were
incubated with appropriate primary antibodies for 1 h at RT, then washed twice, followed by
incubation with Alexa Fluor 568-conjugated secondary antibody for 30 min. After washing,
fluorescence was measured using the BD FACSAria lll system (BD Biosciences) and

assessed by FlowJo software.

Cell cycle analysis by flow cytometry

Cells were induced with doxycycline where applicable, and for G1-phase synchronisation,
treated with 1 uM Palbociclib (MedChem Express #HY50767) for 24 h, then changed with fresh
media to enable recovery for appropriate time. Cells were subsequently harvested and fixed
in ice-cold 70% ethanol at 4 °C. Cells were then washed twice and stained with staining
solution containing propidium iodide (50 pg/mL; Sigma-Aldrich, P4170) and RNase A (50
pug/mL) in PBS for 30 min at RT. Further, cells were subjected to flow cytometric acquisition

using the BD FACSAria™ [l system (BD Biosciences) and FlowJo software for quantification.
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Colony formation assay

Inducible MCF-7 and MDA-MB-231 cells were seeded at 2,000 cells per well in six-well plates
and allowed to adhere for 12 h, then induced with doxycycline (0.5 ug/mL) for 15 days, with
fresh doxycycline every alternate day. Cells were fixed with 4% paraformaldehyde for 15 min
at RT, stained with 0.05% crystal violet in methanol for 15 min, washed, and air-dried prior to

imaging. Colony formation was documented and quantified using ImageJ/Fiji software.

Spheroid assay

Inducible MCF-7 and MDA-MB-231 cells were seeded at 2,000 cells/well in 96-well plates
precoated with 2% agarose and cultured in complete medium with doxycycline where
applicable. Cells were allowed to form spheroids for 72 h and maintained for 6 days. Image
acquisition and analysis were performed using high-content screening (HCS) imaging system

(Thermo Fisher Scientific) and spheroid growth was quantified using ImageJ/Fiji.

Mice xenograft tumor analysis

For the study, female NOD/SCID mice (6-8 weeks old, healthy) were housed under standard
laboratory conditions (20-25 °C, 12 h light/dark cycle, 60-70% relative humidity). The
experimental protocol was reviewed and approved by the Institutional Animal Ethics
Committee (IAEC) of IISER Bhopal (2025-IISERB-7.5-IAEC). Animal experiments were
conducted in compliance with the guidelines provided by the Committee for Control and
Supervision of Experiments on Animals (CCSEA, Govt. of India). At the end of the study, mice
were euthanized by isoflurane inhalation followed by cervical dislocation.

Tumorigenic potential was evaluated in female NOD/SCID mice (6-8 weeks old) by
subcutaneous implantation of 3 x 10° inducible MDA-MB-231 cells expressing either GFP
control, GFP-Nup88 or GFP-Nup88 with SENP3 depletion background, resuspended in DMEM
containing 10% fetal bovine serum and admixed 1:1 with growth factor-reduced Matrigel.

Doxycycline (2 mg/mL) supplemented with 5% sucrose was administered continuously in
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drinking water after tumor establishment over a period of initial 7 days. Tumor growth was
monitored by calliper measurements, and tumor volumes (V) were calculated using the
modified ellipsoid formula, V = ¥ x length x width2. At 4 weeks, tumors were excised, weighed,
measured and processed for histopathological immunofluorescence analyses of Ki67 and

SENPS.

Bioinformatics analyses

Gene expression and protein expression data from TCGA and CPTAC, respectively, were
obtained using GEPIA3(48) and UALCAN (49), and gene expression correlations were
analysed using GEPIA3. Survival analysis was performed using Oncolnc

(http://www.oncolnc.org). For gene set enrichment analysis (GSEA), rRNA processing, E2F

target, and G2/M hallmark gene sets were obtained from MSigDb database (50). Pre-ranked
gene lists were generated based on differential expression between Nup88-high and Nup88-
low groups and analysed using GSEA software (51). Enrichment was assessed using

normalized enrichment score (NES), nominal P value, and false discovery rate (FDR g-value).

Data analysis and statistics

Data are presented as mean + SEM from three biological replicates unless otherwise indicated.
Statistical tests are specified in the respective figure legends, with P < 0.05 considered as
statistically significant. Significance was denoted as *P<0.05, **P<0.01, ***P<0.001,
***P<0.0001, ns = not significant. GraphPad Prism 11 was used for all analyses. Image
analysis and processing were done using ImageJ/Fiji software, and immunoblot band

quantitation were done using GelQuant.NET.
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Figure Legends

Figure 1. Nup88 is overexpressed in breast cancer and positively correlates with
SENP3 expression. A, Nup88 protein expression in breast cancer tumor samples
compared to normal tissue. B, Nup88 expression across breast cancer subtypes
(Luminal, HER2+, and TNBC) compared to normal tissue. C, Nup88 expression across
different stages of breast cancer progression. Statistical significance in (A-C) was
determined using unpaired t-test. D, Kaplan-Meier overall survival analysis of patients
stratified based on Nup88 expression levels (low vs high). Statistical significance was
determined using the log-rank test (p = 0.03). p-values are indicated in each case. E,
Network analysis of Nup88-correlated genes in breast cancer (BRCA dataset),
highlighting SENP3 as a significantly associated node. F, Scatter plot analysing
correlation between Nup88 and SENP3 expression in breast cancer samples (R =0.59,
p < 0.0001). G, Immunohistochemical (IHC, left, Scale bar, 100 um) and
immunofluorescence (IF, right, Scale bar, 50 um) analysis of Nup88 and SENP3 levels
in breast cancer patient cohort. H, Pearson correlation analysis between Nup88 and

SENP3 fluorescence intensities determined from IF (R = 0.91, p < 0.001, n=10).

Figure 2. Nup88 regulates SENP3 stability and undergoes dynamic relocalisation
through association with SENP3. A, Semi-quantitative PCR analysis and
quantification of SENP3 levels in cells expressing GFP or GFP-Nup88. B, Immunoblot
showing SENP3 levels upon GFP-Nup88 overexpression in MCF7. C, Flow cytometry
histograms showing SENP3 expression in MCF7 with either GFP or GFP-Nup88
overexpression. D, Quantification of mean fluorescence intensity (MFI) of SENP3 under

indicated conditions as in (C). E, Flow cytometry histograms showing SENP3
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expression in MDA-MB-231 with either GFP or GFP-Nup88 overexpression. F,
Quantification of MFI of SENP3 under indicated conditions as in (E). Statistical
significance in (A,D,F) was determined using unpaired t-test. G, Quantification of
Nup88 levels upon SENP3 overexpression in MCF7. Statistical significance was
determined using one-way ANOVA followed by Dunnett’'s multiple comparisons test. H,
Immunoblot analysis of SENP3 levels upon shRNA-mediated Nup88 knockdown
with/without MG132 (10 pM, 8 h) in MCF7 cells. |, Quantification of (H) showing fold
change in SENP3 levels relative to control conditions. Statistical significance was
determined using two-way ANOVA. Bars indicate mean + S.E.M. (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). J, Representative immunofluorescence image of MCF7
cells expressing either mCherry-SENP3 and stained for endogenous Nup88, or co-
expressing mCherry-SENP3 and GFP-Nup88, or co-expressing catalytic mutant
SENP3 (C532A) and GFP-Nup88. Line scans for images in merge panel are shown on

the right. Scale bar, 10 pm.

Figure 3. The Nup88-SENP3 axis promotes tumor proliferation in breast cancer
cells. A, Immunofluorescence analysis of MDA-MB-231 cells expressing GFP or GFP-
Nup88 (green) and stained for Ki67 (red) with DAPI (blue). Scale bar, 10 ym. B-C,
Quantification of Ki67 fluorescence intensity in MDA-MB-231 (B) and MCF7 (C) cells
under the indicated conditions, respectively. D, Flow cytometry histogram depicting
Ki67 expression in MDA-MB-231 cell populations under indicated conditions. E,
Representative images of colony formation assay in MDA-MB-231 (upper) and MCF7
(lower) cells under indicated conditions. F-G, Quantification of colony-forming ability in

MDA-MB-231 (F) and MCF7 (G) cells, represented as fold change in total colony area.
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Each point represents an independent replicate. H-I, Brightfield (top) and fluorescence
(bottom) images (H) and quantification (I) of spheroids formed by MDA-MB-231 cells
under indicated conditions. GFP signal (green) marks expression positive cells within
spheroids. Scale bar, 100 um. J-K, Brightfield (top) and fluorescence (bottom) images
(J) and quantification (K) of spheroids formed by MCF7 cells under the indicated
conditions. Scale bar, 100 ym. Statistical significance was determined using one-way

ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant).

Figure 4. Nup88-SENP3 axis enhances tumor formation and progression in vivo.
A, Schematic representation of the xenograft experimental design showing
subcutaneous injection of MDA-MB-231 cells stably expressing GFP constructs into
NOD/SCID mice, followed by doxycycline-induced expression. B, Representative
images of excised tumors from the indicated groups. Scale bar, 10 mm. C, Tumor
growth curves showing tumor volume over time from the indicated tumor groups. D,
Quantification of endpoint tumor weight from indicated groups. E, Quantification of
endpoint tumor volume from indicated groups. Statistical significance was determined
using one-way ANOVA for terminal analysis or two-way ANOVA for growth curve (*p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). F, Experimental workflow for tumor
cryosectioning and immunofluorescence analysis. G-H, Immunofluorescence images
showing SENP3 (G) and Ki67 (H) in tumor sections derived from GFP and GFP-Nup88

overexpressing tissues.

Figure 5. Nup88 regulates ribosome biogenesis in a SENP3 dependent manner.
A, Gene set enrichment analysis (GSEA) plot showing enrichment of rRNA processing

pathways in Nup88-overexpressing tumor tissues from breast cancer patients. B-C,
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RT-gPCR analysis of 47S pre-rRNA and 28S rRNA levels in indicated conditions. D-F,
RT-gPCR expression analysis of ribosomal protein genes (RPL28, RPL5, RPL11) in
indicated conditions. Data are presented as mean + S.E.M. Statistical significance was
determined using one-way ANOVA (*p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001).
G, MDA-MB-231 cells with stable Nup88 expression system with/without induction with
doxycycline for Nup88 overexpression (green), immunostained with RPL5 (red) and
DAPI (blue). Scale bar, 10 um. H, Flow cytometry histogram depicting RPL5
expression in stable MDA-MB-231 cell populations under indicated conditions. |,
Overlay comparison of polysome profiles obtained under indicated conditions by
sucrose gradient ultracentrifugation followed by absorbance measurement at 260 nm
(A260) across collected fractions. Peaks corresponding to the pre-polysomes and
polysomes are indicated. J, Immunoblot analysis showing distribution of RPL5 across
the collected fractions under indicated conditions. K, Correlation analysis between
Nup88 and PELP1 expression in TCGA breast cancer datasets. L, Immunoblot
analysis of PELP1 levels in MDA-MB-231 cells in indicated conditions. M,
Immunofluorescence analysis in MCF7 cells analysing redistribution of PELP1 (red)

upon Nup88 overexpression. Scale bar, 10 um.

Figure 6. Nup88 mediates G1-S phase transition via CDK6 in a SENP3 dependent
manner. A, Immunoblot analysis assessing CDK6 and SENP3 expression in MDA-
MB-231 cells under the indicated conditions. GAPDH was used as a loading control.
B-C, GSEA plots showing enrichment of E2F targets (B) and G2/M checkpoint (C)
pathways in breast cancer patients' data with high Nup88. D-F, RT-qPCR analysis of
E2F target genes (CCNE1, TK1 and NOP56). G, Schematic for Palbociclib-based

synchronisation and release of cells and downstream analysis. H, Representative cell
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cycle distribution curves upon Palbociclib synchronisation and release of MCF7 under
indicated conditions and time points by flow cytometry analysis. |, Quantification of (H)
upon synchronisation-release of MCF7 cells at 12 hpr under indicated conditions. J,
Immunoblot analysis detecting Rb phosphorylation (Ser780) upon Nup88
overexpression following 6 hpr. Data is represented as mean + S.E.M. Statistical
analysis was performed using one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001,

e < 0.0001.

Figure 7. Proposed mechanistic model of Nup88 regulation in breast cancer.
Schematic depicting a model in which elevated Nup88 enhances SENP3, thereby
promoting ribosome biogenesis through increased ribosomal protein production (e.g.
RPL5) and altered nucleolar organisation (e.g. PELP1). In parallel, Nup88 stimulates
the CDK6-Rb-E2F signaling, facilitating cell cycle progression and contributing to
tumor cell growth and proliferation. Intact arrows in the model represent findings of this

study.



Figures

A B C
3- 27 _ . 24
21 - ; ; - T —_—
" : | - | :
14 " —— ! - i !
o 1 | —_— 0+ =
£ Em . 2T T . HEH
> —_— =1+ 1 —_ @ -14 1
N I 3 ! P P=145x7100 L N I 4 L P14 x 100
2 — i 2] L P=351x10° 2 L
-9 = -10
3 —— p=263xf0n — FP=138x10 o = P=181x10
4- ¥ : i 4 -4 T T T 1
Normal Primary tumor Normal ' Luminal = HER2+ ' TNBC Normal ~ Stage1 Stage2 Stage3
(n=18) (n=125) (n=18) (n=64) (n=10) (n=16) (n=18) (n=4) (n=74) (n=32)
D - RPAIN F
METTL1E \ 100
100 —— Nup88 low \ /ZNF232 s
- ——Nup88 high c1QBP 80 L YA g
= 80 S ° @
= SENP3] = °
§ 80 - E,) 60
o
NUP 2
Z 40 UP8s PELP1 Z .
8 w e
520 PRPF8 / 20
= , | P-value = 0.03 R=059
0 1000 2000 3000 4000 5000 6000 7000 \ SDA 0 i o
Days PSMB6 0 20 40 60 80 100 120
ety Nup88 (TPM)
G H
Adjacent 7 Tumor Tumor
. 10009 R =091
© P <0.001 L
s 800
>
< =
< 600-]
[»d
s
Z 400
»
/ 200
™
o
E 0 LB A L L
w 0 500 1000 1500
Nup88 (MFI)

Figure 1

Nup88 is overexpressed in breast cancer and positively correlates with SENP3 expression. A, Nup88
protein expression in breast cancer tumor samples compared to normal tissue. B, Nup88 expression
across breast cancer subtypes (Luminal, HER2+, and TNBC) compared to normal tissue. C, Nup88

expression across different stages of breast cancer progression. Statistical significance in (A-C) was



determined using unpaired t-test. D, Kaplan-Meier overall survival analysis of patients stratified based on
Nup88 expression levels (low vs high). Statistical significance was determined using the log-rank test (p
= 0.03). p-values are indicated in each case. E, Network analysis of Nup88-correlated genes in breast
cancer (BRCA dataset), highlighting SENP3 as a significantly associated node. F, Scatter plot analysing
correlation between Nup88 and SENP3 expression in breast cancer samples (R = 0.59, p < 0.0001). G,
Immunohistochemical (IHC, left, Scale bar, 100 um) and immunofluorescence (IF, right, Scale bar, 50 pm)
analysis of Nup88 and SENP3 levels in breast cancer patient cohort. H, Pearson correlation analysis
between Nup88 and SENP3 fluorescence intensities determined from IF (R = 0.91, p < 0.001, n=10).
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Figure 2

Nup88 regulates SENP3 stability and undergoes dynamic relocalisation through association with SENP3.
A, Semi-quantitative PCR analysis and quantification of SENP3 levels in cells expressing GFP or GFP-
Nup88. B, Immunoblot showing SENP3 levels upon GFP-Nup88 overexpression in MCF7. C, Flow
cytometry histograms showing SENP3 expression in MCF7 with either GFP or GFP-Nup88
overexpression. D, Quantification of mean fluorescence intensity (MFI) of SENP3 under indicated
conditions as in (C). E, Flow cytometry histograms showing SENP3 expression in MDA-MB-231 with



either GFP or GFP-Nup88 overexpression. F, Quantification of MFI of SENP3 under indicated conditions
as in (E). Statistical significance in (A,D,F) was determined using unpaired t-test. G, Quantification of
Nup88 levels upon SENP3 overexpression in MCF7. Statistical significance was determined using one-
way ANOVA followed by Dunnett’'s multiple comparisons test. H, Immunoblot analysis of SENP3 levels
upon shRNA-mediated Nup88 knockdown with/without MG132 (10 uM, 8 h) in MCF7 cells. |,
Quantification of (H) showing fold change in SENP3 levels relative to control conditions. Statistical
significance was determined using two-way ANOVA. Bars indicate mean + S.E.M. (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). J, Representative immunofluorescence image of MCF7 cells expressing
either mCherry-SENP3 and stained for endogenous Nup88, or co-expressing mCherry-SENP3 and GFP-
Nup88, or co-expressing catalytic mutant SENP3 (C532A) and GFP-Nup88. Line scans for images in
merge panel are shown on the right. Scale bar, 10 pm.
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Figure 3

The Nup88-SENP3 axis promotes tumor proliferation in breast cancer cells. A, Immunofluorescence
analysis of MDA-MB-231 cells expressing GFP or GFP-Nup88 (green) and stained for Ki67 (red) with
DAPI (blue). Scale bar, 10 pm. B-C, Quantification of Ki67 fluorescence intensity in MDA-MB-231 (B) and
MCF7 (C) cells under the indicated conditions, respectively. D, Flow cytometry histogram depicting Ki67
expression in MDA-MB-231 cell populations under indicated conditions. E, Representative images of



colony formation assay in MDA-MB-231 (upper) and MCF7 (lower) cells under indicated conditions. F-G,
Quantification of colony-forming ability in MDA-MB-231 (F) and MCF7 (G) cells, represented as fold
change in total colony area. Each point represents an independent replicate. H-I, Brightfield (top) and
fluorescence (bottom) images (H) and quantification () of spheroids formed by MDA-MB-231 cells under
indicated conditions. GFP signal (green) marks expression positive cells within spheroids. Scale bar, 100
um. J-K, Brightfield (top) and fluorescence (bottom) images (J)and quantification (K) of spheroids
formed by MCF7 cells under the indicatedconditions. Scale bar, 100 pm. Statistical significance was
determined using one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant).
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Figure 4

Nup88-SENP3 axis enhances tumor formation and progression in vivo. A, Schematic representation of
the xenograft experimental design showing subcutaneous injection of MDA-MB-231 cells stably
expressing GFP constructs into NOD/SCID mice, followed by doxycycline-induced expression. B,
Representative images of excised tumors from the indicated groups. Scale bar, 10 mm. C, Tumor growth
curves showing tumor volume over time from the indicated tumor groups. D, Quantification of endpoint



tumor weight from indicated groups. E, Quantification of endpoint tumor volume from indicated groups.
Statistical significance was determined using one-way ANOVA for terminal analysis or two-way ANOVA
for growth curve (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). F, Experimental workflow for tumor
cryosectioning and immunofluorescence analysis. G-H, Immunofluorescence images showing SENP3
(G) and Ki67 (H) in tumor sections derived from GFP and GFP-Nup88 overexpressing tissues.
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Figure 5

Nup88 regulates ribosome biogenesis in a SENP3 dependent manner. A, Gene set enrichment analysis
(GSEA) plot showing enrichment of rRNA processing pathways in Nup88-overexpressing tumor tissues
from breast cancer patients. B-C, RT-gPCR analysis of 47S pre-rRNA and 28S rRNA levels in indicated
conditions. D-F, RT-qPCR expression analysis of ribosomal protein genes (RPL28, RPL5, RPL11) in
indicated conditions. Data are presented as mean + S.E.M. Statistical significance was determined using
one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). G, MDA-MB-231 cells with stable
Nup88 expression system with/without induction with doxycycline for Nup88 overexpression (green),
immunostained with RPL5 (red) and DAPI (blue). Scale bar, 10 pm. H, Flow cytometry histogram
depicting RPL5 expression in stable MDA-MB-231 cell populations under indicated conditions. I, Overlay



comparison of polysome profiles obtained under indicated conditions by sucrose gradient
ultracentrifugation followed by absorbance measurement at 260 nm (A260) across collected fractions.
Peaks corresponding to the pre-polysomes and polysomes are indicated. J, Immunoblot analysis
showing distribution of RPL5 across the collected fractions under indicated conditions. K, Correlation
analysis between Nup88 and PELP1 expression in TCGA breast cancer datasets. L, Immunoblot analysis
of PELP1 levels in MDA-MB-231 cells in indicated conditions. M, Immunofluorescence analysis in MCF7
cells analysing redistribution of PELP1 (red) upon Nup88 overexpression. Scale bar, 10 ym.
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Figure 6



Nup88 mediates G1-S phase transition via CDK6 in a SENP3 dependent manner. A, Immunoblot analysis
assessing CDK6 and SENP3 expression in MDA-MB-231 cells under the indicated conditions. GAPDH
was used as a loading control. B-C, GSEA plots showing enrichment of E2F targets (B) and G2/M
checkpoint (C)pathways in breast cancer patients' data with high Nup88. D-F, RT-qPCR analysis of E2F
target genes (CCNE1, TK1 and NOP56). G, Schematic for Palbociclib-based synchronisation and release
of cells and downstream analysis. H, Representative cell cycle distribution curves upon Palbociclib
synchronisation and release of MCF7 under indicated conditions and time points by flow cytometry
analysis. |, Quantification of (H) upon synchronisation-release of MCF7 cells at 12 hpr under indicated
conditions. J, Immunoblot analysis detecting Rb phosphorylation (Ser780) upon Nup88 overexpression
following 6 hpr. Data is represented as mean * S.E.M. Statistical analysis was performed using one-way
ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7

Proposed mechanistic model of Nup88 regulation in breast cancer. Schematic depicting a model in
which elevated Nup88 enhances SENP3, thereby promoting ribosome biogenesis through increased
ribosomal protein production (e.g. RPL5) and altered nucleolar organisation (e.g. PELP1). In parallel,
Nup88 stimulates the CDK6-Rb-E2F signaling, facilitating cell cycle progression and contributing to
tumor cell growth and proliferation. Intact arrows in the model represent findings of this study.
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