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This important work provides another layer of regulatory mechanism for TGF-beta
signaling activity. The evidence convincingly supports the involvement of
microtubules as a reservoir of Smad2/3, and association of Rudhira with microtubules
is critical for this process. The work will be of board interest to developmental
biologists in general and molecular biologists in the field of growth factor signaling.

https://doi.org/10.7554/eLife.98257.3.sa2

Abstract

The Transforming Growth Factor B (TGFB) signaling pathway is critical for survival,
proliferation, and cell migration, and is tightly regulated during cardiovascular development.
Smads, key effectors of TGFf signaling, are sequestered by microtubules (MTs) and need to be
released for pathway function. Independently, TGFP signaling also stabilizes MTs. Molecular
details and the in vivo relevance of this cross-regulation remain unclear, understanding
which is important in complex biological processes such as cardiovascular development.
Here, we use rudhira/Breast Carcinoma Amplified Sequence 3 (BCAS3), a MT-associated,
endothelium-restricted and developmentally essential proto-oncogene, as a pivot to decipher
cellular mechanisms in bridging TGFp signaling and MT stability. We show that Rudhira
regulates TGFp signaling in vivo, during mouse cardiovascular development, and in
endothelial cells in culture. Rudhira associates with MTs and is essential for the activation
and release of Smad2/3 from MTs. Consequently, Rudhira depletion attenuates Smad2/3-
dependent TGF signaling thereby impairing cell migration. Interestingly, Rudhira is also a
transcriptional target of Smad2/3-dependent TGFp signaling essential for TGFB-induced MT
stability. Our study identifies an immediate early physical role and a slower, transcription-
dependent role for Rudhira in cytoskeleton-TGFp signaling crosstalk. These two phases of
control could facilitate temporally-and spatially restricted targeting of the cytoskeleton
and/or TGFp signaling in vascular development and disease.
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Significance statement

The developmental TGFp pathway is essential for cell migration, cell-cell communication,
adhesion, apoptosis, and matrix remodeling. Dysregulation of TGFf signaling leads to
aberrant vascular patterning and angiogenesis during mouse embryogenesis. Pathway
activation involves phosphorylation and nuclear transport of Smads. Microtubules sequester
Smads in the cytoplasm, thereby inhibiting TGFp signaling. Conversely, TGFp signaling
stabilizes microtubules. However, the molecular components involved, and biological
relevance of this cross-regulation remain unclear. We show that the oncoprotein
Rudhira/BCAS3 facilitates Smad-MT dissociation upon ligand-mediated TGF[ receptor
activation. Interestingly, Smad-dependent TGFf signaling activation enhances rudhira
transcription, essential for microtubule stabilization during cardiovascular development.
This dual regulation of TGFp signaling and microtubule stability by Rudhira allows sustained
temporal control essential for development, and its dysregulation has pathological outcomes.

Introduction

Cytoskeletal organization and growth factor signaling are mutually dependent and coordinate
multiple cellular processes [1 2 ]. The multifunctional Transforming growth factor  (TGFp)

pathway regulates cell proliferation, differentiation, survival and migration and is sensitive to
cytoskeletal rearrangements [1 3-3 % ]. Depletion of TGFB pathway components causes

effectors of the TGFP pathway, are competitively bound by several proteins and are a hub for
regulation of TGFp signaling and its intersecting pathways [6 (2 ]. MTs bind to and sequester
Smad2/3 and Smad4, thereby negatively regulating TGFp signaling, which is relieved upon TGFf
stimulation [7 & ]. Conversely, TGFp signaling stabilizes MTs [8 2, 9 2 ] through an as yet unclear

mechanism, suggestive of a feedback loop.

During development, TGF( signaling is activated in endothelial cells (ECs) of the remodeling

cell, initially by RhoA-mDia actin bundling and thereafter by interaction with multi-protein
complexes. Serum components, TGFB and Lysophosphatidic acid (LPA), have been shown to
stabilize MTs [8(Z, 12 &4 ]. While LPA stabilizes MTs within 30 min post-stimulation and generically

essential for endothelial cell function in vivo. Slow and restricted induction of MT stability by TGF
as compared to the more generic and rapid function of LPA suggests a requirement for new
transcription/translation which may be developmentally important. However, the molecular
mechanisms and biological relevance of cytoskeletal interactions with TGFp signaling remain
elusive. Characterization of tissue-restricted regulators of the ubiquitous MT cytoskeleton may aid
in defining its specialized context-dependent functions.

In this study, we address the role of the MT-interacting protein Rudhira in connecting TGFf3
signaling and MT stability. Rudhira associates with MTs and intermediate filaments (IFs), stabilizes
MTs and promotes directional cell migration [11, 13 ]. Rudhira knockout in mouse causes mid-
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showed that several processes were deregulated in the rudhira knockout, especially, a large
number of TGF signaling pathway components [14 2 ]. This suggests that Rudhira may regulate
TGFp signaling for vascular development.

Here, we show that Rudhira-depleted cells have reduced Smad2/3 activation during mouse
embryonic development, indicating that Rudhira is a positive regulator of TGFp signaling. We
demonstrate that Rudhira facilitates TGFB-mediated release of Smad2/3 from MTs. Further, TGF
signaling stabilizes MTs by inducing transcription, in a Rudhira-dependent manner. Thus, Rudhira
bridges TGFp signaling and MT stability, required for cardiovascular development. Ectopic and
aberrant Rudhira expression is seen in several carcinomas and positively correlates with tumor
metastatic potential [15%-17(2]. Hence our study will aid understanding of TGFp signaling and

suggest novel ways to regulate it in development and disease.

Results

Rudhira depletion attenuates Smad2/3-

dependent TGF signaling in vivo and in vitro
Rudhira is an essential gene, critical for mouse cardio-vascular development [14 (2 ]. Ubiquitous

(rudh”) or endothelial (rudh®®©) knockout of rudhira results in angiogenic defects and mid-
gestation embryonic lethality [14 (2 ]. Transcripts of several components of the TGFB pathway are
deregulated upon Rudhira depletion and the knockout phenocopies mutants of several TGFf3
pathway components, whose primary phenotype is in the cardiovascular system [10 (2 ]. Hence,
we characterized the role of Rudhira in TGFp signaling. Analysis of the molecular interaction,
reaction and relation networks by KEGG pathway mapping indicated that multiple components of
the TGFP pathway were deregulated in the absence of Rudhira, affecting several processes
important for cardiovascular development (Fig. 1A2). To validate this, we used non-silencing (NS)
control and rudhira knockdown (KD) saphenous vein endothelial cell lines (SVEC) as described
before (Fig S1A, B(Z) [14(2]. To test the pathway regulation at the level of receptors, we analysed
transcript and basal as well as active protein levels. While we observed some reduction in
transcript levels of tgfbrI and tgfbrIl (Fig. S2A 3), the basal and active protein levels of TGFBRI
remained unchanged in KD cells (Fig. S2B ). Interestingly, a constitutively active form of TGFRI
(TGFPBRIT204D), expressed under the CMV promoter, was also suppressed in Rudhira KD
(overexpression achieved in NS ~200 folds while in KD ~80 folds) (Fig. S2C (2). TGFBR1 protein
has a short half-life, while the mRNA is relatively stable [18 2 ]. Reduced amount of relatively
stable RNA may be sufficient to produce adequate protein levels. These increased levels of active
TGFBRI in KD were unable to restore Smad2 phosphorylation, unlike NS controls, which showed a
clear increase (Fig. 1B ). While important to note that Rudhira or its loss may regulate tgfbr
transcript levels, these results support a receptor-independent role of Rudhira in regulating TGF3

pathway.

To probe further into the molecular mechanism by which Rudhira controls TGE signaling, we
used rudhira knockout mice and the KD endothelial cell line. Upon TGFB-stimulation ECs in culture
showed reduced Smad2 activation in the KD as compared to NS control (Fig. 1C2). Further, qRT-
PCR analysis showed that transcript levels of Smad2/3 targets, namely mmp9 and pail, did not
increase significantly in KD, whereas NS control showed >2-fold increase for both (Fig. 1D®).
Expectedly, partial restoration of Rudhira level in KD cells restored Smad2 activation and target
gene expression (Fig. 1C, D @). The canonical TGFB pathway also responds to BMP4 activation.
However, upon stimulation with BMP4 there was no significant difference in the levels of
pSmad1/5/8 between NS and KD (Fig. S2D @). These data indicate that Rudhira is required for
TGFB-dependent Smad2 phosphorylation and pathway activation.
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Fig. 1.

Rudhira depletion deregulates developmental endothelial TGFB signaling.

(A) KEGG pathway map indicating TGFB pathway genes from KEGG database that are deregulated upon rudhira depletion in
mouse embryonic yolk sac, based on [142]. Genes were mapped based on fold change in rudhira® I- yolk sacs in comparison
to control to understand pathway regulation. Green: downregulated, Red: upregulated. Blue circles indicate affected genes
or processes known to be affected upon Rudhira depletion, from earlier studies. (B) NS and KD SVEC cells, transfected with
constitutively active TGFBRI for 24h, were analyzed for Smad2 phosphorylation by Immunoblotting. Graph shows the
quantitation of pSmad2/Smad2 levels (N= 3 independent experiments). (C, D) Control (NS), rudhira knockdown (KD) and
rescued KD (KD + Rudhira-2A-GFP) cells were kept untreated or treated with TGFB and used for various assays, as indicated.
(C) Immunoblot for Smad2/3 and pSmad2. Graph shows the quantitation of pSmad2/Smad2 levels (N= 3 independent
experiments). (D) gRT-PCR analysis of mmp9 and pai1, known Smad2/3 targets in ECs (N= 3 independent experiments). (E, E’)
Immunostaining for phosphorylated Smad2/3 in control and rudhira conditional knockout (rudh®®©) embryos at E10.5. Boxed
region in the embryonic heart in (E) marking the endocardium and the myocardium are magnified in (E’) (N= 3 embryos for
each genotype). White dotted line indicates the endocardium. Graph shows the quantitation of pSmad2/3 levels (N= 3
independent experiments). Statistical analysis was performed using two-way ANOVA.(A, B, C, D) and student’s t-test (E). Error
bars indicate standard error of mean (SEM). *p<0.05, **p<0.01, ***p<0.001. Scale bar: (E) 100 pm; (E’) 20 ym.
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embryos showed a concomitant loss of pSmad2/3 in the embryonic endocardium (Fig. 1ECZ, E’),
without affecting the total Smad2/3 level (Fig. S2E(Z, E’). Thus, Rudhira regulates TGFp signaling in
a Smad2/3-dependent manner in vivo, which is essential for angiogenesis and endothelial cell
migration during cardio-vascular development.

Rudhira is required for TGF3 mediated cell migration

As Rudhira is essential for cell migration, we tested the effect of altered TGF pathway activity in
Rudhira KD endothelial cells (SVEC) in a transwell migration assay. We also validated our results in
HEK293 cells as these allow a high efficiency of transfection and Rudhira overexpression, for
migration assays. TGF addition did not enhance migration in rudhira knockdown (KD) cells as
compared to controls (NS and rescued KD) (Fig. 2A (2). In addition, ectopic Rudhira expression in
HEK293 cells caused increase in migration rate as compared to the control, consistent with our

TGFp supplementation of Rudhira overexpressing cells dramatically enhanced the rate of cell
migration (~2.6 fold), suggesting a direct correlation between Rudhira levels and pathway
function (Fig. 1C, D(Z). Serum contains TGFp in a concentration range of 10-40 ng/ml [20Z ] and
we used 5% FBS with or without additional TGFp in the transwell migration assay, since purified
TGF alone is unable to induce migration. The ratio of increase in migration rates with or without
exogenous TGFP addition was similar in both the control and Rudhira-overexpressing cells (~1.5
fold). Interestingly, TGFp pathway-inhibition by SB431542 (SB) restored the effect of Rudhira
overexpression (enhancement in cell migration rate) to control levels (Fig. 2B(2, S3A) suggesting
that Rudhira function is regulated by the TGF3 pathway downstream of receptor activation. In
addition to the multiple molecular pathways that function in concert to control cell migration

[21 2], our data support a role for Rudhira in TGFB-dependent cell migration.

Rudhira regulates TGFB signaling by

promoting the release of Smad2/3 from MTs

Since Rudhira localizes to the cytoskeletal components, namely microtubules and intermediate
filaments [13 2], we hypothesized that it regulates TGFp signaling at the cytoskeleton. However,
we could not detect any interaction between Rudhira and Smad2/3 under the conditions tested
(Fig. 3A®), suggesting that the effect on the pathway may be indirect, possibly through MTs. TGF3
signaling is controlled at multiple levels, including cytoskeletal regulation at MTs, which interact

with and sequester Smad2/3 thereby inhibiting the TGFB pathway [7 2 ]. TGFB stimulation releases

increase in pSmad2 levels) reduced Smad-MT binding as seen by co-immunoprecipitation for -
Tubulin and immunoblotting for Smad2 (Fig. 3B ).

To assess whether Rudhira is required for TGFB-dependent release of Smad from MTs, we tested
for B-Tubulin and Smad interaction upon TGFf stimulation in NS and KD cells by performing in
situ Proximity Ligation assay (PLA) [22 (% ]. While NS cells showed reduced Smad-MT interaction,
KD cells retained Smad-MT interaction even upon TGFp stimulation in multiple KD cell lines (Fig.
3C @, Fig. S3B ). Interestingly, TGFp stimulation resulted in an increase in Rudhira-MT
association in wild type cells, detected by colocalization (Fig. 3D @) and confirmed by PLA (Fig.

3E ). Thus TGFpB-stimulated Rudhira-MT association makes MTs unavailable for Smad binding.
However, MTs are abundant and present as subsets, differing in their Tubulin isotype and isoform
their interactions with other molecules. It is unlikely that Rudhira binds to all MTs present. Also, it
is likely that only a subset of MTs may bind and sequester Smads.
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Rudhira functions downstream of TGFf3 receptor
activation to promote TGFB-dependent cell migration.

(A) Control (NS), rudhira knockdown (KD) and rescued KD (KD + Rudhira-2A-GFP) cells were analyzed for migration rates with
or without TGF using a transwell migration assay. Graph shows the extent of cell migration as measured by crystal violet
absorbance (N=3 independent experiments). (B, C) HEK293 cells transfected with vector alone or Rudhira were analyzed for
migration rates using a transwell migration assay in various conditions, as indicated. Graph shows the extent of cell
migration as measured by crystal violet absorbance (N= 3 independent experiments). Statistical analysis was performed
using one-way ANOVA. Error bars indicate SEM. Scale bar: (A, B) 100 pm. *p<0.05, **p<0.01, ***p<0.001.
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Rudhira is essential for the release of Smads from microtubules for TGFB pathway activation.

(A) Analysis of interaction between Rudhira, Smad2/3 and MTs by co-immunoprecipitation and immunoblotting, as indicated
(N= 3 independent experiments). (B) Loss of Smad-MT interaction on TGF stimulation in SVEC cells (N= 3 independent
experiments). (C) NS and KD cells were analyzed for MT and Smad2/3 interaction by PLA for Tubulin and Smad2/3 with or
without TGF treatment. PLA dots represent Smad2/3 and B-tubulin interaction. Graph shows the quantitation of PLA dots
per cell (quantitation from >80 cells for two knockdown cell lines from N= 3 independent experiments; also see Fig. S3). (D,
E) Association of Rudhira and MTs was analyzed by immunostaining (D) or Proximity Ligation Assay (PLA) (E) for Rudhira and
Tubulin with or without TGFB stimulation in SVEC. PLA dots represent Rudhira and B-tubulin interaction. Graph (D) shows the
quantitation of colocalization percentage (quantitation from ~40 cells from 9 images each with or without TGFB respectively
from N= 3 independent experiments) and graph (E) shows the quantitation of PLA dots per cell (quantitation from 86 or 68
cells from 9 images each with or without TGF respectively from N= 3 independent experiments). Statistical analysis was
performed using one-way ANOVA. Error bars indicate SEM. Scale bar: (C) 20 um; (D, E) 10 ym. *p<0.05, **p<0.01, ***p<0.001.

Divyesh Joshi et al., 2025 eLife. https://doi.org/10.7554/eLife.98257.3 7 of 26


https://doi.org/10.7554/eLife.98257.3
https://doi.org/10.7554/eLife.98257.3

7 eLife

Rudhira is a transcriptional target of TGF3

signaling and is essential for MT stability

The TGFP pathway is auto-regulatory, due to which several pathway components are induced or
inhibited [24 (4, 254 ]. The rudhira promoter harbors putative Smad-binding elements (SBEs) (Fig.
S4A([@). It also harbors putative binding sites of major TGF pathway regulated transcription
factors (TFBS) (Fig. S4B 4, Table S2(@). Expectedly, TGF[ stimulation increased rudhira mRNA and
protein levels (Fig. 4A, B, C@). Knockdown of smad2 or smad3 resulted in significant reduction of
Rudhira levels, indicating that rudhira is a Smad2/3-dependent TGFp target (Fig. 4D (2). Blocking
transcription with Actinomycin D (AcD) or translation using Cycloheximide (CHX) prevented
increase in rudhira levels upon TGFf stimulation, confirming that rudhira is a transcriptional
target of the Smad2/3-dependent TGFP pathway (Fig. 5A 2, S4C). However, additional
investigation is required to confirm whether rudhira is a direct target of Smad2/3-dependent TGFf
pathway.

tested whether TGFB-induced transcription is required for MT stability. TGF stimulation results in
a slow enhancement of MT stability over a period of several hours, allowing sufficient time for
transcriptional regulation [8 (Z]. Interestingly, we find that blocking transcription or translation,
prevented TGFB-dependent MT stabilization, as detected by Glu-tubulin levels (Fig. 5A%, S4C),
correlating well with Rudhira levels and validated by increased sensitivity to Nocodazole-
mediated MT depolymerization (Fig. 5B ). These data show that TGFP induced MT stability is

transcription-dependent.

TGFpB signaling stabilizes MTs in a Rudhira-dependent manner

Since rudhira transcription is dependent on TGFp signaling and Rudhira is required for MT
stability, we further tested whether TGFB-induced MT stability is Rudhira-dependent. Serum
starvation resulted in low detectable levels of Glu-tubulin in NS and KD cells (Fig. 5C &).
Stimulation with TGE or serum led to increased Glu-tubulin level in NS but not in KD cells
showing that TGFB-induced MT stability is dependent on Rudhira (Fig. 5C, D @). To test whether
Rudhira stabilizes MTs in vivo also, we analyzed the effect of loss of Rudhira on MT stability in the
developing endocardium. Interestingly, along with reduced pSmads levels observed earlier (Fig.
1EZ, E’), we found that Glu-tubulin positive stable MTs were fewer in rudhCko embryonic
endocardium (Fig. 5D (%), supporting a role of Rudhira in regulation of TGFf signaling and MT
stability during cardiovascular development. Combined, our study suggests that Rudhira primarily
affects MTs to modulate their Smad-binding property and downstream TGFf signaling.
Consequently, Smad2/3-dependent TGF signaling induces rudhira transcription leading to MT
stabilization essential for cardiovascular remodeling during development (Fig. 5EC?2).

Discussion

Growth factor signaling and cytoskeletal remodeling are mutually dependent processes that
require complex context-dependent molecular crosstalk [1Z ]. Specifically, the developmentally
essential, tissue-restricted TGFp signaling pathway, regulates and is regulated by the MT
cytoskeleton. However, the underlying molecular mechanism and in vivo relevance of this cross-
regulation remain elusive. In this study, we probed the role of Rudhira in the cytoskeletal control
of TGFp signaling and, in turn, its effect on MT properties. Our study identifies a dual role of
Rudhira during vascular development-anearlyrolein MT-mediated regulation of Smad2/3

and a late role as a transcriptional target of TGFP signaling required for MT stability.
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Rudhira is a Smad2/3-dependent target of TGFP signaling.

(A-C) TGFB stimulation followed by qRT-PCR (A), immunoblot (B) or immunostaining (C) analysis (quantitation from 34 cells in
each condition) of Rudhira levels in SVEC cells. Graphs in (B) and (C) show the quantitation of Rudhira levels with or without
TGFB (N= 3 independent experiments). (D) Analysis of Rudhira levels upon smad2 or smad3 knockdown in HEK293T cells by
immunoblotting (N= 3 independent experiments). Statistical analysis was performed using one-way ANOVA. Error bars
indicate SEM. Scale bar: (C) 10 um. *p<0.05, **p<0.01, ***p<0.001.
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TGFB-dependent rudhira transcription stabilizes MTs.

(A) Analysis of Rudhira levels and MT stability (marked by Glu-Tubulin) upon treatments as indicated, by immunoblotting.
Graphs show the quantitation of Rudhira or Glu-Tub levels (N= 3 independent experiments). (B) Analysis of MT resistance to

Nocodazole mediated depolymerization at indicated dosage and time (N= 30 cells). (C) MT stability in serum starved NS or KD
SVEC cells kept untreated or treated with TGF3 was analyzed by immunoblot for Glu-Tubulin. Graph shows the quantitation of

Glu-Tub levels (N= 3 independent experiments). (D) Immunostaining for Glu-Tubulin in control and rudhira conditional

knockout (rudh®©) embryos at E10.5. Endocardium in the heart is marked by PECAM1. Boxed region in the embryonic heart is

magnified in the insets. Red arrowheads in the insets mark the PECAM1 positive cells (N= 4 embryos for each genotype).
Graph shows the quantitation of Glu-Tub fluorescence intensity in the endocardium. (E) Model depicting cellular and
molecular response to TGFaddition. Rudhira has an early and a late effect on MTs. Previously known information about
Rudhira is shown in blue. Events identified in this study are shown in red or pink. Parallel lines indicate protein-protein
interaction. Solid lines indicate direct effects. Dotted lines indicate effects that may be direct or indirect. Arrows indicate
positive regulation. Bar-headed line indicates inhibition. Statistical analysis was performed using one-way ANOVA. Error bars
indicate SEM. Scale bar: (B) 10 pm; (D) 100 pm. *p<0.05, **p<0.01, ***p<0.001.
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While several processes important for cardiovascular development were deregulated in rudhira”
embryos, the TGFpP pathway was primarily affected [14 2 ]. TGF signaling is a complex pathway
and is regulated at multiple levels by various feedback loops. One of the complicated yet delicate
feedback circuits is the regulation of receptor levels and activity [25 2 ]. Rudhira depletion reduces
transcript level without altering basal and active protein level of TGFBRI. This disparity in the
transcript and protein level may arise from the fact that while the tgfbr transcript is very stable,
the protein is quite unstable, and lower transcript levels may still be sufficient for generating
adequate protein levels. Such a phenomenon is not unusual, particularly for membrane proteins,
where mRNA levels may not correlate with protein levels. Rudhira, in a manner not yet
understood, may also be a part of a broader feedback pathway as it further negatively regulates
levels of TGFP pathway inhibitors such as Smurfs and Smad7 [14(% ], suggesting that additional

regulatory mechanisms may operate.

TGFp signaling and Rudhira promote cell migration in a synergistic and inter-dependent manner.
Mechanistically, Rudhira promotes TGFB-dependent release of Smads from MTs likely due to
increased Rudhira-MT association. This could allow pathway activation and result in enhanced cell
migration. Additional, confounding factors downstream of the autoregulatory TGFp pathway or
pathway targets, as described above, may also contribute to Rudhira dependent cell migration in
response to TGFB. Converse regulation of Rudhira-MT and Smad-MT interaction is indicative of
probable competition between Smads and Rudhira for MT binding, which merits further
investigation. Binding of Rudhira to MTs may also alter them in a way that makes MTs unavailable
for Smad binding. Since TGF stimulation is known to stabilize microtubules, we hypothesize that
TGFp stimulation increases Rudhira binding to stable microtubules. While unclear molecular
events involved in release of Smads from MTs, and MT stabilization by Rudhira make it difficult to
assign causal roles, this study supports the hypothesis that dissociation of Smads from MTs is
essential for Smad activation. In addition, though MTs are ubiquitously and abundantly present,
our data suggest that only a few MTs participate in Smad sequestration. This is in concordance to

The TGFp signaling pathway is autoregulatory and many of its components are also targets of the
pathway [24 (Z]. The rudhira promoter harbors Smad Binding Elements (SBEs). We show that
Rudhira, in addition to being a regulator of the TGF pathway, is also a transcriptional target.
However, further analysis is required to identify the specific mechanisms by which Smad-
dependent, TGFB-induced, rudhira transcription is regulated during development. In contrast to
this positive feedback, TGF pathway is also negatively self-regulated, allowing for return to basal
state amenable for reactivation. This self-suppression could possibly involve increased turnover of
receptors and Smad2/3, and increased expression of inhibitory Smads, that may recover
responsiveness to TGFB stimulation. Additionally, in the context of MT-dependent Smad2/3
inhibition, the still short turnover time of stable MTs (several minutes to hours) may also promote
quick return to resting state. These interesting possibilities can now be tested.

Rudhira expression is tightly regulated and restricted to the remodeling endothelium during
development [14 2 ]. Mechanistically, Rudhira promotes MT stability for angiogenic remodeling

role of MT stability for angiogenic sprouting in vivo and the underlying molecular mechanisms
remain elusive. Our study suggests that endothelial cytoskeleton remodeling by Rudhira and
activation of TGFp signaling during cardiovascular development are inter-dependent and cross-
regulated. TGFP signaling may lead to restricted induction of MT stability by inducing the
expression of MT-stabilizing developmentally regulated proteins like Rudhira. Additional
cytoskeletal components such as Vimentin that interacts with Rudhira, and is also a target of TGFf3
signaling, are likely to be involved [11 2, 132 ]. Our analysis will help gain better insight into

cellular processes such as migration, which require maintenance of cytoskeletal stability and
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active signaling for extended periods. An added advantage will be the ability to decipher
deregulated migration such as in tumor metastasis. While targeting MT-Smad interaction would
allow regulation of the TGFp pathway, the ubiquitous nature of these molecules is likely to result
in widespread and possibly undesirable effects of therapeutic intervention. Rudhira expression,
being more restricted, could provide a suitable target to regulate developmental and pathological
TGFp signaling.

Materials and methods

Animal experiments

protocols were approved by the Institutional Animal Ethics Committee (IAEC) of JNCASR (Project
number MSI006. All animals were maintained, and experiments were performed according to the
guidelines of the animal ethics committee of JNCASR. Rudhira floxed mice and conditional
knockout mice (Tek-Cre mediated endothelial deletion, rudhira©®¥/1°X; TekCre*, abbreviated to
rudh®®0) were validated by genotyping.

Cell culture, transfections, and small molecule treatments
Cell line sources and generation is reported elsewhere [14 (2 ]. In brief, rudhira shRNA vectors

(715, 716), and scrambled (non-silencing) control vector (TR30015) (Origene, USA) were
microporated into SVEC (mouse endothelial cell line) and selected for stable line generation.
Control cell line is referred to as ‘NS’ and rudhira knockdown as ‘KD’. For Rudhira overexpression
and rescue line, the plasmid constructs used were GFP-2A-GFP and Rudh-2A-GFP which are
described elsewhere [13 Z]. Constitutively active TGFPRI (pcDNA3-ALK5 T204D, 80877) was
purchased from addgene for transfection of SVEC NS and KD cells. Control and shRNA vectors for
smad2 or smad3 knockdown) were purchased from ShRNA Resource Centre (Department of
Microbiology and Cell Biology, Indian Institute of Science, Bangalore, India) and were from the
SIGMA Library of shRNAs for Human gene products. The shRNAs were transfected in HEK293T
cells and selected in 1 pg/ml Puromycin for 7 days. Details of the oligonucleotide sequence of the
shRNAs are provided in Supplementary Table S3 . HEK293, HEK293T cells were transfected
using Calcium Phosphate method while SVEC cells were transfected using Lipofectamine 2000
(ThermoFisher Scientific, USA). All small molecules were from Sigma Chemical Co., USA, and
treatments were performed in DMEM, unless otherwise indicated. Cells were washed three times
in PBS and serum starved for 12h. Thereafter, cells were kept untreated or treated with 10 ng/ml of
TGFB (Fig. 1C2) or BMP4 (Fig. S2D @) for 2 h and then taken for immunoblotting. For gene
expression analysis, cells were induced with 10 ng/ml of TGFp for 24 to 48 h (Figs. 1D (2, 4A, B,
C2, S3C). SB431542 was used at a concentration of 10 uM, as indicated (Fig. 2A, B2 and S3A). For
Transwell migration assays, small molecule dilutions were prepared in 5% FBS containing DMEM
(Fig. 2A, B(®). For interaction studies cells were serum starved for 12h and thereafter kept
untreated or treated with 10 ng/ml of TGFf or 10% FBS for 2 h and then taken for PLA,
immunostaining or western blotting, as desired (Fig. 3, S3A, B(Z). For TGFB-dependent rudhira
transcription and MT stability assays, cells were serum starved for 48h in serum-free medium
(SFM) containing 5 mg/ml BSA and 20mM HEPES (pH 7.4) in DMEM. Thereafter, various treatments
were performed for 7h (Fig. 5A, B, C, S4C#, D). TGFB (10 ng/ml), Actinomycin D (AcD, 10 uM),
Cycloheximide (50 pg/ml) were diluted in SFM.

Quantitative RT-PCR (qRT-PCR)

RNA was isolated using TRIzol reagent (Invitrogen). Reverse transcription was performed using 2
ug of DNase treated RNA and Superscript II (Invitrogen, Carlsbad, CA) according to manufacturer’s
instructions. Quantitative RT-PCR (qRT-PCR) was carried out using EvaGreen (BIO-RAD, CA) in
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Biorad-CFX96 Thermal cycler (BIO-RAD, CA). Details of primers used are provided in
Supplementary Table S12.

Immunostaining, Immunohistochemistry,

Fluorescence Microscopy and Analysis

Yolk sac or embryos dissected at E10.5 were fixed in 4% paraformaldehyde and processed for
Cryosectioning (embryos) and immunostaining using standard procedures. Control and knockout
embryos were identified by embryonic tail genotyping. Cells were fixed in 4% paraformaldehyde
at room temperature or 100% methanol at-20 °C and processed for immunostaining using
standard procedures [30 (2 ]. Primary antibodies used were against PECAM1 (CD31) (BD
Biosciences, USA), Rudhira, Smad2/3, pSmad2, pSmad2/3 (Cell Signaling Technology), B-Tubulin
(DSHB, Iowa), Glu-Tubulin (Abcam), GFP (Invitrogen). Secondary antibodies were conjugated with
Alexa-Fluor 488 or Alexa-Fluor 568 or Alexa-Fluor 633 (Molecular Probes). Bright field and phase
contrast microscopy were performed using an inverted (IX70, Olympus) microscope. Confocal
microscope, LSM 880 with airy scan, Zeiss, was used for fluorescence microscopy. All images in a
set were adjusted equally for brightness and contrast using Adobe Photoshop CS2, where required.

Immunoblot analysis and co-immunoprecipitation

50 ug whole cell lysate was used for western blot analysis by standard protocols. Blots were cut
into strips and incubated with primary antibodies as indicated: Smad2/3, pSmad2, Smad1/5/8,
pSmad1/5/8 (Cell Signaling Technology), GAPDH (Sigma Chemical Co., USA), Glu-Tubulin, Ubiquitin,
TGFBRL pTGFBRI (Abcam, USA), B-Tubulin (DSHB, Iowa), Rudhira (Bethyl Labs, USA). HRP
conjugated secondary antibodies against appropriate species were used and signal developed by
using Clarity Western ECL substrate (Biorad, USA). For co-immunoprecipitation, 500 ug whole cell
lysate and 2 pg of the desired antibody were used. Complexes were captured on Protein G-Agarose
beads and analyzed by immunoblotting.

Transwell migration assay
The assays and quantitation were carried out as mentioned earlier [13 2 ]. Briefly, 24 h after

transfection with desired plasmid vectors, cells were serum-starved for 12 h and 20000 HEK cells
or 40000 SVEC were plated onto the upper chamber of the transwell filter inserts with 8 um pore
size, 24-well format (Costar, USA). 10% FBS containing medium (with desired small molecules) was
added to the lower chamber to serve as a chemo-attractant. After 24 h, cells were fixed in 4%
paraformaldehyde for 10 min at room temperature. Cells on the top of the filter were removed
using a cotton swab. Cells that had migrated to the bottom were fixed and stained with 0.5%
crystal violet for 10 min at room temperature. The dye was extractedin methanol and absorbance

measured spectrophotometrically at 570 nm.

In situ Proximity Ligation Assay (PLA or Duolink assay)

In situ PLA (Proximity Ligation Assay) reaction was performed on SVEC cell lines. The cells were
cultured, fixed, permeabilised and stained with primary antibodies for Smad2/3, -Tubulin or
Rudhira, as desired. Thereafter, the protocol for PLA as recommended by manufacturer (Duolink,
USA) was followed. Post PLA, nuclei were counterstained with DAPI.

Rudhira promoter in silico analysis

Smad-binding elements or motifs (SBEs) and other transcription factor binding sites (TFBS) were
identified from experimental studies, available in JASPAR database (https.//jaspar.genereg.net/2).
PSCAN software (http://159.149.160.88/pscan 2) was used for motif scanning in mouse and human
rudhira/BCAS3 gene promoters (1 kb sequence upstream of the transcription start site) using
matrices obtained from JASPAR bioinformatics tool, as indicated. (Supplementary Table S2 ).
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Quantification and Statistical analyses

Statistical analyses were performed using One Way ANOVA in the Data Analysis package in
Microsoft Excel, and two-way ANOVA and one-sample t-test in GraphPad Prism. p<0.05 was
considered significant.

Supplementary Figures and Figure legends
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Fig. S1

(related to Fig. 1@). Cell line validation.

(A, B) Validation of Rudhira knockdown and restoration in SVEC cells by immunoblotting. Statistical analysis was performed
using one-sample t-test. Error bars indicate standard error of mean (SEM). *p<0.05, **p<0.01,***p<0.001.
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Fig. S2

(related to Fig. 12). Rudhira acts downstream to TGFP receptors.

(A) gqRT-PCR analysis of tgfBrI and tgfBrIl in Rudhira knockdown endothelial cells (N= 3 independent experiments). (B) TGFBRI
phosphorylation was analyzed using immunoblot technique in SVEC NS and KD. Graph shows the quantitation of
PTGFBRI/TGFRRI levels (N= 3 independent experiments). (C) NS and KD SVEC cells, transfected with constitutively active
TGFBRI for 24h, were analyzed for total TGFBRI level by gRT- PCR. (D) SVEC control (NS) and knockdown (KD) cells were
stimulated by BMP4 and used for immunoblotting of pSmad1/5/8. Graph shows the quantitation of pSmad1/5/8 by
Smad1/5/8 levels (N= 3 independent experiments). (E, E') Immunostaining for total Smad2/3 in control and rudhira
conditional knockout (rudhCKO) embryos at E10.5. Boxed region in the embryonic heart in (E) marking the endocardium and
the myocardium are magnified in (E’) (N= 3 embryos for each genotype). White dotted line indicates the endocardium. Graph
shows the quantitation of Smad2/3 level (N= 3 independent experiments). Statistical analysis was performed using one-
sample t-test. Error bars indicate standard error of mean (SEM). *p<0.05, **p<0.01,***p<0.001, ****p<0.0001. Scale bar: (E)
100 pm; (E’) 20 pm.
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(related to Fig. 12, 22 and 3(@). Rudhira specifically
regulates TGFB-dependent Smad2/3 activation.

(A) SVEC cells treated with SB431542 (10uM) for 2h and analyzed for Smad2 phosphorylation by Immunoblotting. (B) NS and
two KD SVEC lines (KD1 and KD2) were analyzed for MT-SMAD interaction by PLA for B-Tubulin and Smad2/3 With or without
TGFB treatment (N= 3 independent experiments). (C) gRT-PCR analysis of negative regulators of TGFf pathway (N=3
independent experiments). Statistical analysis was performed Using One way ANOVA. Error bars indicate standard error of
mean (SEM). Scale bar (B): 20 ym. *p<0.05, **p<0.01, ***p<0.001.
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(related to Figs. 42 and 5). TGFB induces rudhira transcription for MT stability.

(A) Smad-binding element (SBE) matrix (SMAD3, ID MA0795.1; Smad4, ID MA1153.1) and predicted binding sites in mouse (in
red) and human (in blue) rudhira promoters, from JASPAR and PSCAN bioinformatics tool. (B) Transcription factor binding
sites (TFBS) available from JASPAR and PSCAN bioinformatics tool.(C) Analysis of Rudhira levels and MT stability (marked by
Glu-Tubulin) upon treatments as indicated by immunoblotting (N= 3 independent experiments). (D) Analysis of MT stability in
serum starved WT and KD cells kept untreated or treated with TGFP or serum (N= 3 independent experiments).
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Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’)
rudhira [TCCTACATGGAGAGCGTCG GGAGGCTCATTTCCAGTGC
lsmurf2 IAGACTGGTGTGAGCACATGG CTTCCTGTTGCGGTATTGCG
lsmad6 GGGTGAATTCTCAGACGCC GGTCGTACACCGCATAGAGG
lsmad7 CGGAAGTCAAGAGGCTGTGT GACAGCCTGCAGTTGGTTTG
loail CTGTGCCCATGATGGCTCAG IATGAACATGCTGAGGGTGTC
mmp9 GTCCAGACCAAGGGTACAGC IATACAGCGGGTACATGAGCG
gapdh GGTGAGGCCGGTGCTGAG TGATGTCATCATACTTGGCAGG

Supplementary Table S1.

Primers used for qRT-PCR analysis.
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Supplementary Table S2.

Predicted Transcription factor binding sites in mouse and human

rudhira/BCAS3 promoters, obtained from JASPAR bioinformatics tool.

Name Position Score Background p-value Matrix ID Strand Predicted sequence
(from TSS) score (JASPAR)

MAX::MYC -428 0.959466 0.823 0.00252271 MAQ0059.1 - AAGCACGTGGA
MYC -429 0.959143 0.827 0.00590903 MA0147.3 + GTCCACGTGCTT
TWIST1 -651 0.988341 0.854 0.00194672 MA1123.2 + TTTCCAGATGTTC
HIF1A -427 0.952744 0.849 0.0315803 MA1106.1 ¥ CCACGTGCTT
FOXP1 -386 0.992493 0.876 0.0124319 MA0481.3 + ATGTAAACACA
FOXF2 -515 0.932307 0.826 0.0101525 MAQ0030.1 + GGAAGGTAAACACA
MAX::MYC -431 0.965445 0.823 0.00084454 MAO0059.1 - GAGCACGTGGA
MYC -432 0.97587 0.831 0.00370719 MA0147.3 + GTCCACGTGCTC
TWIST1 -412 0.88988 0.849 0.19157 MA1123.2 + GAACCAGCTGTCG
HIF1A -430 0.963428 0.856 0.0274206 MA1106.1 * CCACGTGCTC
FOXP1 -389 0.989613 0.864 0.0168508 MAO0481.3 + ATGTAAACAGA
FOXF2 -518 0.932307 0.817 0.0116588 MAO0030.1 + GGAAGGTAAACACA

Supplementary Table S3.

The oligonucleotide sequence of the smad2 and smad3 shRNAs.

iGene target

Oligonucleotide sequence in the shRNA (target sequence in red)

ISmad2 sh#1  |CCGGCGATTAGATGAGCTTGAGAAACTCGAGTTTCTCAAGCTCATCTAATCGTTTTTG
ISmad2 sh#2  |CCGGCCTAAGTGATAGTGCAATCTTCTCGAGAAGATTGCACTATCACTTAGGTTTTTG
ISmad3 sh#1  |CCGGGCCTCAGTGACAGCGCTATTTCTCGAGAAATAGCGCTGTCACTGAGGCTTTTTG
ISmad3 sh#2  |CCGGGAGCCTGGTCAAGAAACTCAACTCGAGTTGAGTTTCTTGACCAGGCTCTTTTTG
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Reviewer #1 (Public review):
Summary:

This manuscript aimed to study the role of Rudhira (also known as Breast Carcinoma
Amplified Sequence 3), an endothelium-restricted microtubules-associated protein, in
regulating of TGFf signaling. The authors demonstrate that Rudhira is a critical signaling
modulator for TGFf signaling by releasing Smad2/3 from cytoskeletal microtubules and how
that Rudhira is a Smad2/3 target gene. Taken together, the authors provide a model of how
Rudhira contributes to TGFp signaling activity to stabilize the microtubules, which is essential
for vascular development.

Strengths:

The study used different methods and techniques to achieve aims and support conclusions,
such as Gene Ontology analysis, functional analysis in culture, immunostaining analysis, and
proximity ligation assay. This study provides unappreciated additional layer of TGF(
signaling activity regulation after ligand-receptor interaction.

Weaknesses:
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(1) It is unclear how current findings provide a better understanding of Rudhira KO mice,
which the authors published some years ago.

(2) Why do they use HEK cells instead of SVEC cells in Fig 2 and 4 experiments?
(3) A model shown in Fig 5E needs improvement to grasp their findings easily.

https://doi.org/10.7554/eLife.98257.3.sa1

Author response:

The following is the authors’ response to the previous reviews

According to the reviewers' comments, we appreciate your substantial updates. However,
the statistical issue remains unsolved. The following is a general way to get fold changes
between controls and experimental samples. Each sample will generate relative
differences between target molecules and internal controls. For the case of Fig 1B, the
target is pSmad2, and the internal control is the total Smad2. Three control samples will
generate three numbers for pSmad2/Smad?2 ratios with variations. Similarly, T204D
samples will generate three numbers with variations. Then, the average of these three
numbers will be set as 1 (with variations) to calculate fold changes between the control
and T204D groups. The point is that the statistical significance needs to be evaluated
between two groups with variations. This standard method differs from what you
described in the manuscript. I hope this explains why the issue needs to be fixed. Please
work on the following 11 panels to revise.

(1) Fig 1B, WB, pSmad2, reference Smad2, loading control GAPDH, fold change by T204D.

(2) Fig 1C, WB, pSmad2, reference Smad2, loading control GAPDH, fold change by
Tb/Rudhira.

(3) Fig 1D, QRT PCR, pai1l/mmp9, fold change by Tb treatment, reference not disclosed.
(4) Fig 2A, migration, crystal red absorbance.

(5) Fig 2B, migration, crystal red absorbance.

(6) Fig 4A, QRT PCR, fold change by Tb.

(7) Fig 4B, WB, Rudhira, fold change by Tb.

(8) Fig 4C, intensity, with variation, fine.

(9) Fig 4D, WB, Rudhira, loading control GAPDH, fold change by Smad2/3 silencing.

(10) Fig 5A, WB, Rudhira/Glu-Tub, loading control GAPDH, fold change by Tb and/or AcD.

(11) Fig 5C, WB, Glu-Tub.

For western blots:

Graphs for western blots in the following figures have been modified to show the variance in
controls, as suggested:

(1) Fig 1B, WB, pSmad2, reference Smad2, loading control GAPDH, fold change by T204D.

(2) Fig 1C, WB, pSmad2, reference Smad2, loading control GAPDH, fold change by Th/Rudhira.
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(7) Fig 4B, WB, Rudhira, fold change by Tbh.

(9) Fig 4D, WB, Rudhira, loading control GAPDH, fold change by Smad2/3 silencing.

(10) Fig 5A, WB, Rudhira/Glu-Tub, loading control GAPDH, fold change by Th and/or AcD.
(11) Fig 5C, WB, Glu-Tub.

For qPCRs:

The reader’s comment asked to display error bars if the variance in controls was considered.
The variance in controls was not considered, which is a standard practice in the qPCR assay.
In this regard, an example from an eLife paper is cited below (variation not considered in
controls):

Fig 4C from Conti et al., N6-methyladenosine in DNA promotes genome stability, revised v2
Feb 3, 2025.

Accordingly, the following graphs remain unchanged:

(3) Fig 1D, QRT PCR, pail/mmp9, fold change by Tb treatment, reference not disclosed.
(6) Fig 4A, QRT PCR, fold change by Th.

For crystal violet experiments:

Due to variability in the procedure introduced from CV preparation, uptake, and extraction
etc., in the absence of a reference/standard, it is not possible to determine the absolute cell
number across experiments. To simplify the calculation, we normalize CV intensity of all the
samples to control for an experiment, so the control group doesn’t have error bars. In this
regard, an example from an eLife paper is cited below (variation not considered in controls).

Fig 2H from Brunner et al.,, PTEN and DNA-PK determine sensitivity and recovery in response
to WEE1 inhibition in human breast cancer, version of record July 6, 2020.

Accordingly, the following graphs remain unchanged:
(4) Fig 2A, migration, crystal red absorbance.

(5) Fig 2B, migration, crystal red absorbance.

Lastly, #8 remains unchanged.

(8) Fig 4C, intensity, with variation, fine.

https://doi.org/10.7554/eLife.98257.3.sa0

Divyesh Joshi et al., 2025 eLife. https://doi.org/10.7554/eLife.98257.3 26 of 26


https://doi.org/10.7554/eLife.98257.3
https://doi.org/10.7554/eLife.98257.3.sa0

	Rudhira-mediated microtubule stability controls TGFβ signaling during mouse vascular development
	Significance of findings
	Strength of evidence

	Abstract
	Significance statement
	Introduction
	Results
	Rudhira depletion attenuates Smad2/3-dependent TGFβ signaling in vivo and in vitro
	Fig. 1.

	Rudhira is required for TGFβ mediated cell migration
	Rudhira regulates TGFβ signaling by promoting the release of Smad2/3 from MTs
	Fig. 2.
	Fig. 3.

	Rudhira is a transcriptional target of TGFβ signaling and is essential for MT stability
	TGFβ signaling stabilizes MTs in a Rudhira-dependent manner

	Discussion
	Fig. 4.
	Fig. 5.

	Materials and methods
	Animal experiments
	Cell culture, transfections, and small molecule treatments
	Quantitative RT-PCR (qRT-PCR)
	Immunostaining, Immunohistochemistry, Fluorescence Microscopy and Analysis
	Immunoblot analysis and co-immunoprecipitation
	Transwell migration assay
	In situ Proximity Ligation Assay (PLA or Duolink assay)
	Rudhira promoter in silico analysis
	Quantification and Statistical analyses

	Supplementary Figures and Figure legends
	Fig. S1
	Fig. S2
	Fig. S3
	Fig. S4

	Supplementary Table S1.
	Acknowledgements
	Additional information
	Author Contributions
	Supplementary Table S1.
	Supplementary Table S2.
	Supplementary Table S3.


	References
	Author information
	Editors


