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ABSTRACT

The polycystin-1 (PC-1) and polycystin-2 (PC-2) form a complex of calcium permeable cation channel for regulating
the intracellular signaling of Ca*?, dysfunction of which is the major cause of autosomal dominant polycystic kidney
disease (ADPKD). The PC-2 serves for an intracellular Ca*? signaling, whereas the PC-1/PC-2 complex senses the
fluid flow in primary cilium. The PC-2 is in primary cilia of renal tubular epithelial cells, and functions as
mechanosensory in cilia and regulating the ciliary length. The present article provides information about the structure
and general functions of PC-2 in primary cilium of renal tubular epithelial cells. There are certain aspects related to the
transport, regulation, and mechanism of the functions that are still unknown/debated. The recent investigations show
that PC-2 interact with primary cilia. However, it remains unknown, how the PC-2 reaches the primary cilia from Golgi
to ciliary membrane. Further studies will clarify the mechanism of ciliary trafficking. Much is known about the PC-2
functions in cilia. However, much of the information related to small amount of PC-2 in plasma membrane remains
debated. A barrier is present separating ciliary membrane from somatic membrane, but the molecular mechanism of
such barrier and how the PC-2 crosses it, are not fully clear. There is an urgent need to know, how the lipid
environment (e.g., high cholesterol and the role of other lipids) in the primary cilia interacts with and regulates PC-2.
Regardless of high-resolution structure studies, it is not clearly known for several ADPKD mutations in PKD2
influencing the conformational state of the ion channels and structure-function relationship. It is not clearly established
about which PC-2 (residing in cilia or ER) is more linked for the prevention of cyst formation, and hence ADPKD.
Though the PC-2 are mechanosensitive channels, it is not known about the specific trigger/ ligand/ physiological
stimulus for ciliary PC-2 to be activated inside the cilia. Further insight is needed to understand how intracellular Ca?*
variations control the activation of PC-2, and whether the activation of PC-2 appears directly or via binding with
certain unknown proteins. We hope, the future research especially related to PC-2 and PC-1, and in general related to
TRP channels would help clarifying the unsolved issues for understanding the pathogenetic mechanism and
management of ADPKD and other PC-2-related dysfunctions.
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INTRODUCTION

One main function of ion channels is to transport the ions through membranes (Lal et al., 2018). The
polycystin-1 (PC-1) and polycystin-2 (PC-2) form a complex of calcium permeable cation channel for regulating the
intracellular signaling of Ca*?, dysfunction of which is the major cause of autosomal dominant polycystic kidney
disease (ADPKD). The PC-2 serves for an intracellular Ca*? signaling, whereas the PC-1/PC-2 complex senses the
fluid flow in primary cilium. The PC-2 is in primary cilia of renal tubular epithelial cells, and functions as
mechanosensory in cilia and regulating the ciliary length. There are various studies and reviews documenting human
ciliopathies monogenic disorders (Dalgaard and Ngrby, 1989; Hussain, 1990a, b, c, 2025; Sutters and Germino,
2003; Li et al., 2007; Yasmeen et al., 2008; Harris and Torres, 2009; Yasmeen et al., 2009; Boletta and Caplan,
2025; Bugaileh et al., 2025; Hussain et al., 2025). Pathophysiological background of the disorders has been
explained (Beebe, 1996; Hussain and Hussain, 1998; Yoder et al., 2002; AbouAlaiwi et al., 2009; Yin et al., 2010;
Borghol et al., 2025). The polycystin-1 and polycystin-2 mutations in ADPKD involves the interaction of C-
terminals and the regulation occurs via the cytosolic regions for cell proliferation/differentiation (Behn et al., 2010).

Calcium activated high conductance transient receptor potential (TRP) nonselective tetrameric cation channel
PC-2 that transports calcium ions (Ca®*) is encoded by PKD2 gene for regulating the intracellular calcium (Ca*")
signaling specifically in primary cilia and endoplasmic reticulum (ER) in kidney cells (AbouAlaiwi et al., 2009;
Brill and Ehrlich, 2019). Renal tubular structure and its development is maintained with its association with PC-1
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(Nauli et al., 2003). The ADPKD is the most common monogenic renal disorder worldwide that occurs due to
mutations in this protein (Brill AL, Ehrlich, 2019), and can lead to cyst formation and kidney failure. The
dysfunction of PC-2 generates stimulus for cell proliferation and the cyst formation/growth by disruption of calcium
signaling via enhancing the cAMP signaling.

It was revealed that the PC-2 binding intracellular domain of fibrocystin controls PC2 (Kim et al., 2008). PC-2
interaction with fibrocystin via K1F3B-a motor subunit of heterotrimeric kinesin 2 motor protein complex showed
the association and molecular link between ADPKD and ARPKD (Wu et al., 2006). The binding of alpha actinin
and other cytoskeletal proteins with PC-2 for performing various functions e.g., adhesion, proliferation, migration
etc. was studied employing immunofluorescence, co-immunoprecipitation, pull-down, yeast two-hybrid, dot blot
overlay & lipid bilayer model (Li et al., 2005). Binding and functions of PC-2 with filamin was investigated (Wang
et al., 2012). Furthermore, Ca regulated activities of PC-2 in hST were investigated (Cantero and Cantiello, 2015),
and it was revealed that filamin exhibits inhibitory effects on PC-2 functions in presence of calcium and did not
show any effect in the absence of calcium, gelsolin showed effect at a low level of intracellular calcium, and profilin
displayed effect with the presence or absence of calcium (Cantero and Cantiello, 2015).

Effect of lithium on the ciliary length, blockage of PC-2 and variation in electrical functions of PC-2 were
demonstrated (Cantero and Cantiello, 2011). The mechanism of PC-2 activity was described using the techniques of
immunohistochemistry, fluorescence microscopy and planar lipid bilayer, and high expression of PC-2 was noted in
nucleus, Golgi bodies, ER, and other organelles in several tissues (Kaja et al., 2011, 2012). PC-2 pore size shows the
leakage of calcium from ER (Anyatonwu and Ehrlich, 2005) and the cluster formation and oscillating current related
to the phospholipids (PLs) and high PC-2 (Velazquez et al., 2023). The PC-2 in ciliary membranes presenting
interaction with lipid explains the regulatory role of lipids (Wang et al., 2020). The present article provides
information about the structure and general functions of PC-2 in primary cilium of renal tubular epithelial cells.

LOCATION AND STRUCTURE OF PC-2

The PC-2 present in ER, primary cilia and the plasma membrane contains 6 transmembrane helices (TMH)
TMH1-6 (AbouAlaiwi et al., 2009; Brill and Ehrlich, 2019). The location of voltage sensing domain and the pore
domain is located between TMH5 and TMHS. It has C-terminal EF-hand that binds with (Ca®*), and an extracellular
tetragonal opening for polycystin-2 (TOP) domain. The main site where PC-2 behaves as a calcium induced calcium
releasing ion channel is ER. The special mechanosensory site where PC-2 makes complex with PC-1 for controlling
the intracellular calcium is primary cilia (Liu et al., 2018; Ta et al., 2020). The localization of PC-2 is guided by
specific motifs e.g., RVXP sequence at N-terminus, and it can traffic independently into the cilia when interacted
with PC-1 (Liu et al., 2018). Plasma membrane in somatic cells especially kidney for ion transport contains PC-2.
Furthermore, PC-2 is increased in diseased conditions to coupe the cell death due to stress (Brill et al., 2020).

MECHANOSENSATION OF PC-2

The PC-2 plays significant role in mechanosensation primarily along with PC-1 for sensing membrane stretch,
and fluid flow, pressure, and fluid shear stress in primary cilia and various tissues (Cantiello, 2003; Nauli et al.,
2003; AbouAlaiwi et al., 2009). The atomic force microscopy (AFM) as well as planar lipid bilayer (PLB) indicate
that the external forces provide the mechanosensitivity (Lal et al., 2018). Structural studies revealed by quartz
crystal microbalance (QCM) show that the C-terminal of PC-1 and PC-2 interact with lipid bilayer and form trimers
in solution (Behn et al., 2010).

For the cellular mechanosensitivity, flow induced Ca?* current is developed by PC-2 in primary cilia by making
a complex with transient receptor potential vanilloid-4 (TRPV4) channels (AbouAlaiwi et al., 2009). For the blood-
brain barrier (BBB) and mechanical injury, PC-2 requires to make complex with transient receptor potential
canonical-1 (TRPC1) channel (Nauli et al., 2003) that permits the Ca** influx. The PC-2 channel often uses actin
cytoskeleton and filamin for regulating the other ion channels e.g., piezol channels and TWIK (tandem of P-
domains in a weak inward rectifying K+ channel)-related K+ channel-1 (TREK-1) (Piperi and Basdra, 2015).

The PC-2 is required in embryonic development for the sensation of fluid flow for having the appropriate body
sensation for the left-right asymmetry (Chen and Drummond, 2023). For the ciliary flow sensing in renal epithelial
cells, PC-1 serves as the primary sensor for bending of the cilia in response to urine flow and that stimulates PC-2
opening for Ca®* influx (Wachten and Mill, 2023). PC-2 is essential for the chondrocyte mechanosensation where
PC-2 trafficking to cilia increases for protecting the cilia from disassembly and controlling the matrix gene
expression (AbouAlaiwi et al., 2009; Thompson et al., 2021). Moreover, the ciliary PC-2 behaves as a fluid shear
stress that causes the Ca®* signaling and production of nitric oxide (NO) for the regulation of vascular tone/ blood
pressure (AbouAlaiwi et al., 2009).
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The inability to properly sense the mechanical attributes due to mutations in polycystic kidney disease (PKD)
leading to ADPKD manifests the abnormal flow sensation that stimulates cellular proliferation/ fluid secretion and
cyst formation (Gargalionis et al., 2019). High blood pressure occurs due to the failure of PC-2 in endothelium
triggering NO formation in response to the extent of blood flow (AbouAlaiwi et al., 2009; Nigro and Boletta, 2021).
Besides this, left-right laterality problems occur due to PC-2 mutations (Nigro and Boletta, 2021).

PC-2 IN PRIMARY CILIA

PC2 has largely been investigated in primary cilium and ADPKD (Cantero and Cantiello, 2011). Extensive PC2
expression by hST indicates the pregnancy related role of PC-2 (Montalbetti et al., 2008). Reactive oxygen species
(ROS) inhibited PC-2 for calcium transportation in term hST (Montalbetti et al., 2008) and disordered cation
transference appeared in mother and fetus in pregnancy. These and other reports showed that the microtubules are
involved in regulating the ion channel transport activities (Montalbetti et al., 2007). Furthermore, electrical activities
of the PC-2 were noted to be influenced by lithium (Li*) (Cantero and Cantiello, 2011). It is interesting to note that
the primary cilia were initially thought as the non-motile microtubular structures. However, it was found later that
they give response to fluid flow and other mechanical stimuli that revealed that they contain ion channels
(Raychowdhury et al., 2005). It was further found that the PC-2 in kidney interacts with microtubular ciliary system
for regulating the sensory processes (Li et al., 2006; Montalbetti et al., 2007). Actin and other components in
cytoskeleton that regulate the PC-2 functions are manufactured by PC-2 at term in human placental
syncytiotrophoblast (hST) in the outermost, multinucleated epithelial layer in chorionic villi (Montalbetti et al.,
2007).

Since the disorder occurs in primary cilium in ADPKD, it is considered as ciliopathy comprising PKD2
mutations in about 15% of the patients leading to uncontrolled fluid secretion and cell proliferation or cystogenesis
and fluid filled cysts, disordered regulation of cAMP and Ca?* signaling and hypertension in response to decreased
production of NO in the endothelial cilia (Li et al., 2006; Nauli et al., 2011; Lee and Somlo, 2014; Dai et al., 2017,
Liu et al., 2018; Gerakopoulos et al., 2020; Ta et al., 2020; Scarinci et al., 2023; Alshriem et al., 2025; Buqgaileh et
al., 2025).

Some of the important functions of the primary cilia relate to signal transduction via cAMP, ion-channel
activity for electrolytes, length regulation of primary cilium and mechanosensation (Nauli et al., 2003; Ta et al.,
2020; Scarinci et al., 2022). An important signaling molecule cAMP involved in cell proliferation and cyst
formation/ growth, is regulated by interactive activity of PC-2 with other proteins in cilia e.g., phosphodiesterases,
adenylyl cyclases etc. (Choi et al., 2011). The PC-2 is a nonselective cation channel in renal cilia for Ca*, sodium
(Na") and potassium (K*). Length of cilia increases if PC-2 expression or functions are decreased representing cystic
kidney structure (Scarinci et al., 2022). Hence the proper length of primary cilium is essentially required for normal
activity of PC-2. The PC-2 forms a complex with PC-1 to serve as a mechanosensory stimulus that triggers the
influx of Ca®* into cilium with the inflow of urine in renal tubules, and then the signal is conducted to cell body
(Nauli et al., 2003; Ta et al., 2020).

The colonization of tubulin and PC-2 for hST apical structures especially the effect of tubulin, colchicine, taxol
and guanosine triphosphate for the interaction of microtubular structures and PC-2 were investigated (Montalbetti et
al., 2007) as noted previously ((Montalbetti et al., 2005) that hST cytoskeletal system regulates the increased
activity of PC-2 by K1F3A in the transport in placenta. It was found that PC-2 regulates the microtubular structures
in primary cilia, and microtubular structures regulate the PC-2 (Raychowdhury et al., 2005). It was revealed that
PC2iv was not sensitive for Ca®* regulation (Cantero and Cantiello, 2013).

CONCLUSIONS

The PC-2 or the TRPP2 channel is localized to ER, and primary cilia, as well as in the plasma membrane. It
makes interaction with cytoskeletal components for the regulation of its expression, localization and functions/
activity. For the interaction of cytoskeletal components with the plasma membrane, the PC-2 anchors into the
cytoskeleton and plasma membrane for the performance of the functions related to mechanosensation and
chemosensation. PC-2 localizes in the membrane of primary cilium and ER and performs mechanosensitivity related
flow dependent Ca®* signaling and other functions, dysfunction of which causes ADPKD.

Cytoskeletal system and its mechanics are highly important for interaction and regulation of PC-2 channels in
normal and dysfunctional processes/activities. The PC-2 mutations lead to PKD that involves the interaction among
PC-2, alpha-actinin, actin & tropomyosin-1 (TM-1), modulation of PC-2 by actin for cellular mechanosensitivity,
and calcium signaling for the regulation of functions by triggering the calcium influx through PC-2 by PC-1 and PC-
2 complex in primary cilia. However, there are certain aspects related to the transport, regulation, and mechanism of
the functions that are still unknown/debated. Some of the major aspects not known yet, are
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a): The recent investigations show that PC-2 interact with primary cilia. However, it remains unknown, how the PC-
2 reaches the primary cilia from Golgi to ciliary membrane. Further studies will clarify the mechanism of ciliary
trafficking,

b): Much is known about the PC-2 functions in cilia. However, the information related to small amount of PC-2 in
plasma membrane remains debated,

c): A barrier is present separating ciliary membrane from somatic membrane, but the molecular mechanism of such
barrier and how the PC-2 crosses it, are not fully clear,

d): There is an urgent need to know, how the lipid environment (e.g. high cholesterol and concentration of other
lipids) in the primary cilia interacts with and regulates PC-2,

e): Regardless of high resolution structure studies, it is not clearly known for several ADPKD mutations in PKD2
influencing the conformational state of the ion channels and structure-function relationship,

f): It is not clearly established about which PC-2 (residing in cilia or ER) is more linked for the prevention of cyst
formation, and hence ADPKD,

g): Though the PC-2 are mechanosensitive channels, it is not known about the specific trigger/ ligand/ physiological
stimulus for ciliary PC-2 to be activated inside the cilia,

h): Further insight is needed to understand how intracellular Ca?* variations control the activation of PC-2, and
whether the activation of PC-2 appears directly or by binding with certain unknown proteins. We hope, the future
research especially related to PC-2 and PC-1, and in general related to TRP channels would help clarifying the
unsolved issues for understanding the pathogenetic mechanism and management of ADPKD and other PC-2-related
dysfunctions.

DEDICATION

| dedicate this article to the loving memory of Late Prof Mahmood Hussain Qazi-a highly intellectual
personality, a devoted mentor, and the founder of the Department of Physiology (est.1964) at the University of
Karachi. Prof. Dr Qazi served as Professor and the Head of the Department of Physiology. A renowned
endocrinologist, molecular biologist, and educationist, he supervised numerous students/ scholars who have gone on
to serve as professors and leaders in various teaching, research, and biomedical programs worldwide.

Dr. Qazi established the Hormone Research Lab within the MAH Qadri Biological Research Center (BRC) at
the University of Karachi. He also founded the National Research Institute for Fertility Care (NRIFC), a WHO
Collaborating Centre in Karachi. The author of this article had a great privilege of conducting much of the initial
research at both institutions, utilizing radioimmunoassay (RIA) and various molecular biology techniques.

Dr. Qazi was a brilliant student of the renowned academic and scientist, Emeritus Professor Muhammad Afzal
Hussain Qadri (MAH Qadri) (1912-1974). Professor Qadri served as the Head of the Department of Zoology from
1952, became a Professor of Zoology in 1954, and was appointed the first Dean of the Faculty of Science at the
University of Karachi in 1973.

Dr Qazi served as a Visiting Professor at the State University of New York at Buffalo and the Max-Planck
Institute for Reproductive Medicine in Minster, Germany. His distinguished career included a Fulbright
Fellowship at Louisiana State University and a Ford Foundation Fellowship at the University of Wisconsin.
Additionally, he served as a Post-doctoral Fellow, Consultant, and Advisor for the World Health Organization
(WHO) at the Karolinska Institute in Sweden. He also held roles as a WHO Advisor at the Women’s Hospital in
Munster and as a Member/Chairman of the WHO Expanded Program on Human Reproduction. A renowned
scientist and academic, Dr. M.H. Qazi served as Professor Emeritus and Dean at Quaid-i-Azam University.

Although | was too junior to have the privilege of being his student, Dr. Qazi kindly guided and advised me on
several occasions. | first met him during my first year of BSc (Hons) at the University of Karachi. At that time, he
was based in Islamabad but visited the Department of Zoology, where the Department of Physiology was
temporarily housed. We crossed paths again in Islamabad while he served at the University Grants Commission
(UGC) and as Additional Secretary in the Ministry of Education. Later, we met in Karachi during his tenures as
Rector of Dadabhoy Institute of Higher Education (DIHE) and Vice Chancellor of both Hamdard University and
Allama Igbal Open University, and later as the Vice Chancellor/Director, Centre for Research in Molecular
Medicine, Institute of Molecular Biology & Biotechnology, University of Lahore. Dr. Qazi was aware that, upon my
return from Canada, | served in 2009-2013 as Professor and also served as Chairman of the department he founded.
Sadly, our 2017 plans for a research collaboration in molecular physiology and biophysics between Umm Al-Qura
University, Makkah and the University of Lahore remained unfulfilled, as Dr. Qazi passed away in early 2018.
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I have no idea how many people in Pakistan know about the contribution of Dr. Qazi to the research work
conducted by Dr. Rosalyn Sussman Yalow and colleagues. Dr. Yalow was awarded the 1977 Nobel Prize in
Physiology or Medicine for co-developing Radioimmunoassay (RIA). She mentioned that, besides two other Nobel
Laureates, a major part of her work was the continuation and establishment of the bioassays/RIA innovative
techniques carried out by Dr. M.H. Qazi and his colleagues. This was, indeed, a marvelous contribution by Prof.
Qazi to physiology and medicine.

Professor Qazi passed away on 26 January 2018. May this great mentor’s soul rest in eternal peace and may his
followers and students/ scholars continue to serve his humanitarian, educational, and research mission with
excellence!

.
| vy v
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Late Emeritus Professor Dr. Mah?nood Hussain Qazi TI, Sl
PhD (USA), Post Doc (USA and Sweden)
Lifetime achievement award in Zoology and Physiology
Founder of the Department of Physiology (est. 1964), University of Karachi
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