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Abstract of the thesis entitled: 

Heteromcric TRPV4-C1-P2 and TRPV4-P2 channels: 

assembly and function 

Submitted by Du Juan 

for the degree of Doctor of Philosophy 

at The Chinese University of Hong Kong in July 2011 

TRP channels are a superfamily of cation channels that can be divided into 

seven subfamilies and include 28 members. These channels function as 

cellular sensors to perceive and respond to a variety of environmental stiniuli， 

such as pressure, fluid flow, temperature and pain. Functional TRP channels 

are tetrameric complexes consisting of four pore-forming subunits. Channels 

can comprise identical subunits, forming homomeric channels, or can be 
« 

assembled from two or three different TRP channel subunits, forming 

heteromeric channels. Heteromeric channels often have properties that are 

distinct from those of homomeric channels.. Heteromeric assembly is an 

effective way of diversifying the biophysical properties and function of the 

TRP channels. Up to the present, studies from our group and others have only 

shown that TRPV4, -CI and -P2 are capable of forming cross-subfamily 

heteromeric channels including heteromeric TRPV4-C1, TRPC1-P2 and 

TRPV4-P2. In the present study, 1 hypothesize the possible existence of 

heteromeric TRPV4-C1-P2 channels that are composed of the subunits from 

three different TRP subfamilies. I further tested functional role of such 

heteromeric channels in response to fluid flow in HEK293 overexpression 

system and native vascular endothelial cells. 



Two-step co-immunoprecipitation (co-IP), chemical cross-linking 

experiments and FRET detection were used to demonstrate the presence of 

TRPV4-C1-P2 heteromers in HEK293 cells overexpressing TRPV4, CI, and 

P2，and in the primary mesenteric artery endothelial cells. I found that flow 

was able to induce rises and whole-cell cation currents in HEK293 

cells that were co-expressed with TRPV4, -CI and -P2. Compared to the 

HEK293 cells that were expressed with TRPV4 alone, TRPV4-Cl-P2-co-

expressing HEK293 cells displayed a much prolonged [Ca?卞],transient and 

cation current in response to flow. Dominant-negative construct against each 

of these three TRP isoforms abolished the flow-induced [Ca^^], rises and 

whole-cell cation currents in these cells, suggesting that all three isoforms are 

required for flow response. My data support the existence of heteromeric 

TRPV4-C1-P2 channels that are sensitive to flow stimulation. In rat MAECs 

(mesenteric artery endothelial cells), flow-induced [Ca^^li rises and cation 

currents were also strongly suppressed by dominant-negative construct 

against TRPV4，-CI, or -P2, suggesting the existence of heteromeric TRPV4-

C1-P2 channels in native endothelial cells. Taken together, my results 

identified the first heteromeric TRP channels that are composed of subunits 

from three different subfamilies, and uncovered the functional role of this 

heteromeric TRPV4-C1 -P2 channel in flow response. 

I also studied the flow response in renal epithelial cells. I found that in renal 

epithelial cells, because of lack of TRPC1 expression, it is heteromeric 

TRPV4-P2 rather than TRPV4-C1-P2 that mediates flow-induced Ca2+ influx. 

The role of heteromeric TRPV4-P2 channel complex in flow response was 

studied using M1 -cortical collecting duct (CCD) cells and HEK293 cells co-

expressing TRPV4 and -P2. Co-IP experiments and double immunostaining 

showed that TRPV4 and TRPP2 physically interact with each other to form a 
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heteromeric channel in the Ml CCD cells and in HHKJ293 cells over-

expressing TRPV4 and -P2. 1 also studied the regulation of flow-induccd 

calcium influx by cGMP and protein kinase G (PKG). The results showed 

that activation of PKG by cGMP inhibited flow-induced calcium influx and 

whole-cell currents in HEK293 cells co-exprcssing TRPV4 and -P2. The 

inhibitory cffect of cGMP was abolished in the presence of PKG inhibitor 

KT5823. Point mutations at two consensus PKG phosphorylation sites 

markedly reduced the inhibitory effect of cGMP. In Ml CCD cells, llovv-

induced calcium influx was also inhibited by 8-Br-cGMP, the effect of which 

was reversed by KT5823. The cGMP inhibition was absent in Ml CCD cells 

that were prctreated with fusion peptides + TAT-TRPP2'^'^ 

which compcte for endogenous PKG phosphorylation sites on TRPP2. In 

conclusion, I demonstrated that TRPV4 physically associated with TRPP2 in 

Ml CCD cells and HEK293 cells over-expression system. This association 

prolongs the flow-induced Ca^^ influx and enables this influx to be negatively 

regulated by PKG in Ml CCD cells and HEK293 cells co-expressing TRPV4 

and -P2. 
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論文摘要 

暫態受體電位通道（TI《P通道）是一個成員眾多的陽離子通道家族， 

可以分成7個亞家族,共冇28個成員。這些通道可以作為細胞的感受器 

感覺各種環境刺激，如壓力、液體的流動、溫度和疼痛等，並且可以對 

這牲刺激作出反應。有功能的暫態受體電位通道是-•個四聚體，由四個 

亞基組成孔結構。這四個亞基可以是相同的，也[以是來自兩個、甚至 

三個不同亞家族的成員。這些與聚體通道的特性常常不同於同聚體的通 

道。這種與聚體的組合可以更高效的調節細胞功能、改變通道的亞細胞 

的分佈及通道的生物特性。 

在我目前的研究中，兩步法免疫共沉激、化學交連實驗和共振能量轉移 

實驗證實了 TRPV4-C1-P2與聚體在過表達lll!K293細胞和原代培養的腸 

系膜動脈内皮細胞的存在。液體流動會刺激TRPVd.TRPCl/rRPPS共同表 

達的HI£K293細胞產生纟弓的内流和陽離子電流。但與T1�PV4單獨表達的 

I1BK293細胞相比較，TRPV4-C1-P2共表達細胞的釣内流和陽離子電流的 

時間曲線不同，是持續存在，而不是一過性的。這三種不同的TRP通道 

蛋白的顯性負性結構均可消除液體流動引起的胞内濃度升高和全細胞 

陽離子電流，表明這三種TRP通道蛋白對於液體流動反應都是必需的。 

,些資料表明TRPV4-G-P2可以形成異聚通道複合物’這•-通道複合 

&對於液體流動刺激是敏感的。在大鼠的腸系膜動脈内皮細胞， 

TRPV4，TRPC1. TRPP2顯性負性結構也可顯著降低液體流動引起的胞内金丐 

離子濃度升高和陽離子電流，表明在固有的内皮細胞也存在TRPV4-C1-

P2通道異聚體。總之，我的研究結果揭示了第一個由三個不同亞家族成 

員組成的TRPV4-C1-P2通道異聚體的存在，同時也揭示了這一通道異聚 

體在液體流動反應中的功能作用。 

在臂上皮細胞，因為缺少TRPCl的表達，所以是TRPV4-P2而不是 

TRPV4-C1-P2異聚體通道參與液體流動引起的翻内流。所以在另外一個 

硏究中’我也探討了臂集合管内皮Ml細胞CCD和共表達TRPV4-P2的 m 
I 
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HEK293細胞屮，TRPV4-P2通道複合物在液體流動引起的細胞内弼濃 

度增加中的作用�TRPV4和TRPP2都表達于臂上皮細胞膜和纖毛，可 

能參與纖毛的機械感受功能和介導臂上皮細胞的釣内流和信號。有報 

導TRPP2可以與TRPV4結合形成機械和溫度敏感的分r•感受器。在我 

目前的實驗中，免疫共沉殿和免疫染色實驗證實了 TRPV4與TRPP2的 

物理結合，這種結合既存在於TRPV4和-P2過表達的HEK293細胞，也 
f 

存在於Ml-CCD細胞在共表達TRPV4-P2的PHEK細胞’通過啟動蛋 

白激酶G可抑制液體流動引起的弼内流和全細胞電流，cGMP的這種抑 

制作用可因KT5823 (GMP的抑制劑)的存在而消除。點突變TRPP2的 

PKG隣酸化位點也可顯著降低cGMP的抑制作用。在Ml細胞，液體 /jii 

動引起的fS内流可被8-Br-cGMP (GMP的激動劑）抑制’ ICT5823可消除 

這種抑制作用。用PKG碟酸化位點的融合肽TAT-TRPP2S8 2 7 + TAT-

TRPP21”9預處理MI-CCP細胞，cGMP的抑制作用則消失。總之’我 

證實了在Ml細胞和共表達了 TRPV4:P2的HEK293細胞，TRPP2可與 

TRPV4結合，從而延長TRPV4介導的液體流動引起的内流的時間。 

另外，PKG對這•過程具有負反饋調節作用。 
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mediates flow-induced Câ "̂  influx in Ml CCD cell 82 

5.1 Abstract 82 

5.2 Introduction 83 

5.3 Experimental procedures 84 

5.4 Result 84 

Xlll 



5.4.1 Physical association of TRPV4 with TRPP2 in helerologously 
expressed HEK293 cells and Ml CCD cells 84 

5.4.2 TRPP2 alters the kinetics of flow-induced fCa^+ji transient and 
whole-cell current in HEK293 Cells 85 

5.4.3. PKG modulation of flow-induced rise in HEK cells co-
expressing TRPV4 and TRPP2 86 

5.4.4 Role of heteromcric TRPV4-P2 channels in flow-induccd Ca^^ 
influx in Ml CCD cclls 87 

5.4.5 PKG modulation of [Ca2+]i rise induccd by flow in Ml CCD 
cells 87 

5.5 Discussion 88 

Figures 92 

Chapter 6: General conclusion and future direction 101 

Reference 110 

XIV 



List of figures 

Figure 3- 1. The construction of CFP or YFP -tagged TRP proteins 39 

Figure 4- 1. Physical interaction of TRPV4, CI and P2 63 

Figure 4- 2. Two step co-IP of TRPV4-C1-P2 64 

Figure 4- 3. Chemical cross-linking of TRPV4, CI and -P2 65 

Figure 4- 4. FRET detection 66 

Figure 4-5. Effect of pore mutant on whole-cell current in 

HEK293 cells 67 

Figure 4-6. Flow-induced whole-cell current in IIEK293 cells that were co-

exprcssed with TRPV4, -CI and -P2 68 

Figure 4-7. Flow-induced whole-cell current change in HEK293 cells that 

were individually expressed with TRPV4, -CI or -P2, or co-

expressed with two TRPs 69 

Figure 4- 8. Flow-induccd whole-cell current change in HEK293 cells co-

expressed with any two of TRPV4, -CI or -P2 ： 70 

Figure 4- 9. Flow-induccd [Ca^^Jj change in HEK293 cells that were co-

expressed with TRPV4, -CI and -P2 71 

Figure 4-10. Flow-induced change in HEK cells coexpressed with 

TRPV4，-CI and -P2 and primary cultured rat MAECs 72 

Figure 4-11. Flow-induced change in HEK293 cells that were 

individually expressed with TRPV4, TRPCl , or TRPP2, or co-

expressed with two TRPs 73 

Figure 4-12. Expression of TRPV4, -CI and -P2 in the primary cultured rat 

MAECs. 74 

Figure 4-13. Flow-induced whole-cell current in the primary cultured rat 

MAECs 75 

XV 



Figure 4-14. Flow-induccd change in the primary cultured rat MAECs. 

76 

Figure 4-15. Flow or ATP-induccd [Ca^+L change in the primary cultured rat 

MAECs 77 

Figure 4-16. Flow-induccd [Ca�十]j change in PHEK cells coexpressed with 

TRPV4, -CI and -P2 and primary cultured rat MAECs 78 

Figure 4-17. Flow-induced change in the primary cultured rat MAECs 

and HEK cells coexpressed with TRPV4, -CI and -P2 80 

Figure 4- 1. TRPV4, TRPCl and TRPP2 localize in primary cilia of primary 

cultured rat MAECs 81 

Figure 5- 1. Physical interaction of TRPV4 and TRPP2 92 

Figure 5- 2. TRPV4 and TRPP2 localize in the primary cilia of Ml CCD cells 

and HEK 293 cells co-expressing TRPV4 and -P2 93 

Figure 5- 3. Flow-induced change in HEK293 cells expressing 

individual TRPV4, -P2 or co-expressing both isoforms 94 

Figure 5- 4. Flow-induced change of whole-cell currents in HEK293 cells 

expressing different constructs 95 

Figure 5- 5. Flow-induced [Ca^^Jj change in PHEK cclls expressing individual 

TRPV4，TRPP2, or co-exprcssing both TRP isoforms 97 

Figure 5- 6. Flow-induced [Ca^^l change in Ml CCD cclls 99 

Figure 5- 7. PKG regulates flow-induced [Ca]"^丨 change in Ml CCD cells.. 100 

Figure 6- 1. Model for signal transduction following flow stimulation 104 

XVI 



Chapter 1 Introduction 

.Chapter 1: Introduction 

1. 1 Interaction of TRP channels 

Based on amino acide sequence homology, TRP channels can be classified 

into seven subfamilies: TRPC (TRP canonical), TRPM (TRP melastatin)， 

TRPV (TRP vanilloid), TRPA (TRP ankyrin), TRPP (TRP polycystin), 

TRPML (TRP mucoliptin), TRPN (TRP NOMPC (no mechanoreccptor 

potential C)). Except for TRPN, all of the subfamilies can be found in 

mammals. Functional TRP channels arc tetrameric complexes consisting of 

four pore-forming subunits (Hoenderop et al, 2003). Each subunit contains six 

transmembrane regions (S1-S6) and a re-entrant loop between transmembrane 

segments S5 and S6 that constitute the ion conducting pore (Lepage et al, 

2007). Channels can comprise identical subunits, forming homomeric 

channels, or can result from the assembly of two or three different TRP 

channel proteins to form heteromultimeric channels. These heteromultimeric 

channels have properties that are distinct from those of homomeric channels. 

Because multiple TRP subunits are available for co-assembly, combinations of 

ultimately-formed tetrameric channels are numerous. 

1.1.1 Heteromeric assembly of TRP channel subunits in same 

subfamily 

1.1.1.1 Heteromeric assembly of classical TRP channels (TRPC) 



Chapter 1 Introductiofi 

TRPC channel family can be divided into two major subgroups: TRPCl, -C4, 

and -C5 and TRPCB, -C6, and -CI, excluding TRPC2 which is a non 

functional pseudogene in humans (Wes et al, 1995). TRPC channels can form 

functional homo- and hcterotetramers within two defined subgroups 

(TRPC 1/4/5 and TRPC3/6/7) (Hofmann 丁 et al, 2002; Goel M et al, 2002). 

Co-immunoprecipitations (co-IP) showed that TRPCl, -4’ and -5 could 

interact with each other，while TRPC3, -6，and -7 also could interact among 

themselves (Goel el al. 2002; Liu el al. 2005; Schilling and Goel 2004; 

Strubing ct al. 2001). In addition, TRPCl may act as a linker. When TRPCl is 

present，TRPC4/5 may heteromultimerize with TRPC3/6/7 (Strubing et al, 

2003). 

1.1.1.1.1 TRPC1/TRPC5; TRPC1/TRPC4 

Biochemical and functional interactions between TRPCl and TRPC5 were 

shown in hippocampal neurons (Goel et al. 2002; Strubing et al. 2001). The 

biophysical properties of recombinant TRPCl/TRPC 5 channels were 

surprisingly different from those of TRPC5 homomer (Strubing et al. 2001). 

Homomeric TRPC5 was doubly-rectifying and had a conductance of 38 pS, 

TRPC1/TRPC5 was outwardly rectified and displayed an 8-fold smaller 

conductance (5 pS). TRPC1/TRPC5 heteromers were activated by Gq-coupled 

receptors but not by depletion of intracellular Câ "̂  stores, which were in 

contrast to the more common view of the TRP family as comprising store-

operated channels. 

TRPCl is expressed in many brain regions，including hippocampus and cortex. 

TRPC5 is evidently present in hippocampus but not in cortex, while its close 
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homolog TRPC4 is found in cortex (Philipp et al, 1998; Mori et al, 1998). 

TRPCl and TRPC4 may form a novel cation channel in mammalian brain and 

generate whole-cell currents that are difference from that of hetcromeric 

TRPCl/TRPC5 channels (Strubing et al, 2001). 

1.1.1.1.2 TRPC1/TRPC3; TRPC3/TRPC4 

TRPC units only can form heterodimers with phylogenetically close relatives: 

TRPCl/TRPC4/TRPC5 or TRPC3/TRPC6/TRPC7 (Hofmanii et al, 2002). 

However, some group reported that distant TRPC members could. form 

heteromeric channels. TRPC3 can assemble with TRPCl in salivary gland cell 

lines (Lintschinge et al, 2000; Liu et al, 2005) and TRPC4 in endothelial cells 

(Poteser et al, 2006). 

Some groups reported that TRPCl and TRPC3 formed heteromeric complex 

in embryonic rat brain (Strubing et al. 2001), in native smooth muscle cells 

(Chen et al, 2009), salivary gland cell line (Liu et al. 2005), and over-

expressing system (Lintschinger et al, 2000). Functional experiments in 

TRPCl and TRPC3 co-expressing system showed that TRPC1-TRPC3 

heteromulterization generated diacylglycerol-sensitive Ca^"^-regulated cation 

currents different from the currents produced by TRPC 1 or TRPC3 homomers 

(Lintschinger et al, 2000). In native smooth muscle cells, TRPC1/TRPC3 

heteromers can be activated by UTP stimulation and significantly inhibited by 

exogenous nitric oxide or a cell permeable analog of cGMP (Chen et al, 2009). 

The inhibition of TRPC1/TRPC3 channels contributes to NO-mediated 
A 

vascular vessel relaxation in carotid artery (Chen et al, 2009). In human 
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parotid gland ductal cells, TRPCl and TRPC3 form a novel thapsigargin- and 

OAG-sensitive, store-operated non-selective cation channel (Liu et al, 2005). 

Co-immunoprecipitation and FRET experiments confirm that TRPC3 and 

TRPC4 form heteromeric channel in over-expressing system and in porcine 

aortic endothelial cells (PAECs) (Hofmann el al, 2002; Schilling et al, 2004; 

Poteser ct al，2006). Co-exprcssion of TRPC3 and TRPC4 gives rise to a 

cation channel activity of unique properties. The observed 44 pS cation 

conductance is clearly different from the so far described TRPC3 (68 pS) or 

TRPC4 (hTRPC4a: 30.3 + 0.6 pS and hTRPC4p： 29.7 + 1.0 pS) unitary 

conductance generated by overexpression of individual channel proteins 
r 

(Poteser et al, 2006). Co-expression of TRPC3 and TRPC4 also generates a 

channel that displays distinct regulatory properties. Expression of dominant 

negative TRPC4 proteins suppresses TRPC3-related channel activity in 

HEK293 over-expression system and in native endothelial cells. In addition, 

blocking TRPC4 inhibits TRPC3-related currents in HEK293 over-expressing 

system and the redox-sensitivc cation conductance in PAECs (Poteser et al, 

2006). 

1.1.1.1.3 TRPC6/TRPC7 

TRPC6 and TRPC7 are able to assemble to form hetcromultimeric channels in 

vascular smooth muscle cells, where they play an important role in 

vasopressin-induced cation current (Goel et al, 2002; Maruyama et al, 2006). 

1.1.1.1.4 TRPC2/TRPC6 
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In primary erythroid cells and over-expressing system, TRPC2 and TRPC6 

interact to modulate calcium influx stimulated by erythropoietin (Chu et al, 

2004). This result is difference with Hofmann's report that TRPC2 has not 

been found to interact with any other TRPCs (Hofmann el al, 2002). This is 

not completely unexpected because of the relatively close phylogenetic 

relationship ofTRPC2 and TRPC6 (Hofmann et al, 2002). 

1.1.1.1.5 TRPC1/TRPC3/TRPC5; TRPC3/TRPC6/TRPC7 � 

Native TRPC1/TRPC4/TRPC5 and TRPC3/TRPC6/TRPC7 heteromers were 

found in rat cortex and cerebellum, respectively (Goel ct al, 2002). An even 

more promiscuous association between TRPCl, TRPC3, and TRPCS has been 

found in the embryonic but not in adult brain (Striibing et al, 2003). 

1.1.1.2 Vanilloid receptor-related TRP Channel (TRPV) 

The vanilloid receptor family consists of six mammalian members TRPV 1 -

TR.PV6. Hoivio-oligomeric TRPV 1-TRPV4 channels form poorly selective 

cation channels that are Ihermosensitive, but have different temperature 

activation profiles (Caterina et al, 1997; Caterina et al, 1999; Smith et al, 2002; 

Watanabe et al, 2002). TRPV isofomis demonstrate osmosensitivity and 

mechanosensitivity, may play important roles as osmoreceptors and in sensing 

mechanical stimulation. Within TRPV subfamily, osmosensitivity and 

mechanosensitivity have been mainly attributed to TRPVl, TRPV2, and 

TRPV4 (Ciura and Bourque, 2006; Naeini et al, 2006 ； Muraki et al, 2003; 

Liedtke and Friedman, 2003; Strotmann et al, 2000; Birder et al, 2002; 

Caterina et al, 2000; Christoph et al, 2008; Mishra and Hoon, 2010; Femandes 

et al, 2008). In addition, TRPVl is regulated by protons and various lipid 

5 
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mediators including chilli pepper constituent capsaicin (Caterina ct al，1997). 

TRPV4 is activated by 4-phorbol esters or hypotonic extracellular solutions 

(Watanabe et al, 2002; Strotmanii et al, 2000). TRPV5 and TRPV6 are 

phylogenetically closely related Ca^'^-seleclive channels expressed in epilhclia 

of intestine and kidney and exhibit a constitutive activity. They are 

transcriptionally regulated by 1,25-dihydroxycholecalciferoI. 

TRPVl and TRPV2, TRPVl and TRPV3, TRI)V5 and TRPV6 may form 

heteromeric complex. It is surprising that no evidence show an efficient 

heteromeric assembly of TRPV4 with any other TRPV channel subunit. 

However, TRPV4 may form functional complex with TRPCl or TRPP2. 

1.1.1.2.1 TRPV1-TRPV2 

TRPVl and TRPV2 are mostly expressed in different tissues or cell types 

(Caterina et al, 1997; Caterina el ai, 1999; Birder ct al, 2002; Rutter et al, 

2005). There are reports of co-association of TRPVl and TRPV2 in co-

exprcssing HEK cells and F-11 dorsal root ganglion hybridoma cells (Rutter et 

al, 2005). However, subcellular distribution of heteromer is different in two 

cell lines. In neuronal F-11 cell line, TRPVl and TRPV2 colocalizc on the cell 

surface, whereas in HEK 293 cells, both TRPVl and TRPV2 were distributed 

diffusely in intracellular structures. In addition to the over-expressing system, » 

TRPVl and TRPV2 are colocalizated in a subset of cells in dorsal root 

ganglion (DRG) sections and the co-IP of TRPVl/TRPV2 heteromers is found 

in rat DRG lysates. 

6 
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1.1.1.2.3 TRPV1-TRPV3 

TRPVl and TRPV3 are thermosensitive, nonselective cation channels that are 
T 

co-expressed in dorsal root ganglion neurons (Smith et al, 2002; Peier et al, 

2002). TRPVl is activated by noxious heat and capsaicin. TRPV3 is a heat-

sensitive but capsaicin-inscnsitive channel. When heterologously expressed, 

TRPV3 is able to associate with TRPVl and may modulate its responses. If 

TRPVl and TRPV3 are co-expressed in a heterologous expression system, a 

positive co-IP and a synergistic functional response to capsaicin stimulation 

are documented (Smith et al, 2002). A co-localization or a significant 

interaction between rodent TRPVl and TRPV3 isotypes was also found 

(Ilellwing el al, 2005). However, FRET data for TRPVl/TRPV3 was unable 

to demonstrate an efficient heteromultimerization occurring between TRPVl 

and TRPV3 (Hellwig et al, 2005). These finding indicate that the interaction 

between TRPVl and TRPV3 is in minor amount, but still clearly preferred in 

some studies (Hellwing et al, 2005; Smith et al, 2002). Overall it remains 

unclear, whether TRPV1 and TRPV3 subunits are endogenously co-expressed 

in native ccll types and whether they can co-assemble into heterooligomeric 

pore complexes in vivo. 

1.1.1.2.4 TRPV5-TRPV6 

TRPV5 and TRPV6 are highly Ca^^ selective and are involved in Ca^^ re-

absorption in small intestine, kidneys and placenta, and play a key role in 

calcium homeostasis (Hoenderop et al, 2002; Hoenderop et al, 2003; Nijenhuis 

et al, 2003; Veimekens et al, 2000). RT-PCR and northern blot analysis 

revealed the co-expression of TRPV5 and TRPV6 in the small intestine, 

kidney, pancreas, testis and prostate (Muller et al, 2000; Peng et al, 2000; 

Hoenderop et al, 2001). Biochemical approaches including co-
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immunoprecipitaion, chemical crosslinking and density gradient cenlrifugation 

as well as functional and biophysical assays proved that TRPV5 and TRPV6 

subunits assemble into the same pore complex and combinc with each other to 

form heteromultimcric channels (Hoenderop el al，2003), TRPV5/TRPV6 

heleromers display novel properties that are different from homotelramcric 

TRPV5 or TRPV6 channels (Hoenderop et al, 2003). Electrophysiological 

analyses of concalemeric polypeptides revealed that all helerotetrameric 

TRPV5/TRPV6 channels are functional and different in transport kinetics 

(Hoenderop et al, 2003). Increase in the TRPV6 to TRPV5 channel subunits 

ratio in the heterotetrameric channel affects the kinetics of Ca^^-dependent 

inactivation and causes a decrease in its affinity to Ruthnium Red block 

(Hoenderop et al，2003). TRPV5 and TRPV6 co-localize in various epithelial 

tissues and their expression levels influence intestinal and renal Câ "̂  

absorption. During aging, renal and intestinal Ca^^ re-absorption through 

TRPV5 and TRPV6 declines due to expression decrease (van Abel et al, 2006). 

1.1.1.3 TRPP subfamilies 

TRPPl (polycysin-1, PCI or PKDl) is encoded by PKDl. This protein is a 

large integral membrane glycoprotein and possesses a large extracellular 

domain: 11 predicted transmembrane-spanning segments and short 

intracellular carboxyl terminal domain (Delmas, 2004; Wilson, 2004; Zhou, 

2009; Harris and Torres, 2009). The large extracellular region contains several 

protein motifs that are involve in protein-protein interactions, protein-sugar 

interactions, or linking of TRPP 1 to one or several putative ligands. The 

cytosolic carboxy terminal domain includes a coiled-coil domain that is 

implicated in protein-protein interactions. Several TRPPl-like proteins have 
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been identified, including PKDREJ, PKDILI, PKD1L2 and PKD1L3 (Delmas, 

2005). 

TRPP2 (polcystin-2, PC2 or PKD2) is encoded by PKD2. TRPP2 shows 

moderate similarity to the last six transmembrane segments of TRPPI. This 

protein includes two cytosolic extremities with two EF-hands, two coiled-coil 

domains, and an endoplasmic reticulum (ER) retention signal in its C-terminal 

domain (Delmas, 2004; Wilson, 2004; Zhou, 2009; Harris and Torres, 2009). 

Other members of TRPP subfamily include PKD2L1 and PKD212, which 

share structural homology with TRPP2 (Delmas, 2005). 

TRPPI and TRPP2 interact with each other via their carboxy terminal coiled-

coil domains (Delmas, 2004; Wilson, 2004; Zhou, 2009; Harris and Torres, 

2009). TRPPI is localized at plasma membrane, whereas TRPP2 is localized 

at both plasma membrane and ER. The association of TRPPI and TRPP2 

induces the translocation of TRPP2 to the plasma membrane where it serves as 

a calcium permeable nonselective cation channel (Montell, 2005). TRPPI and 

TRPP2 colocalize at the membrane of the primary cilia of renal epithelial cells 

and endothelial cells where they are proposed to transduce luminal shear stress 

into a calcium signal (Nauli et al, 2003; Nauli' et al, 2008). With its large 

extracellular amino-terminal domain, TRPPI has been suggested to be a 

mechanical sensor regulating the opening of the associated calcium-permeable 

channel TRPP2 (Nauli et al, 2003). Loss of this mechanosensory function (i.e., 

flow sensing) is thought to result in altered cellular signaling subsequently 

leading to cyst formation (Nauli and Zhou, 2004). TRPP2 also interacts with 

multiple partners, including the TRP channel subunits TRPCl and TRPV4 

(Kottgen et al, 2008; Tsiokas et al, 1999; Bai et al, 2008) 

9 
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1.1.1.4 Melastatin-related TRP channels (TRPM) 

. » 

The TRPM (transient receptor potential melastatin) subfamily includes eight 

TRP channel subunits (TRPM 1-TRPM8) that display structural relationship 

with the putative tumor suppressor melastatin first identified in melanoma 

cells (Clapham, 2003; Fleig and Penner, 2004). Based on the similarity in 

primary' sequence, the eight TRPM proteins fall into four distinct groups: 

'IRPM6/7, TRPM 1/3, TRPM4/5, TRPM2/8. TRPM possess a membrane 

topology similar to that of the well-studied voltage-gated potassium channel 
s • 

subunits. They are integral membrane proteins, and each subunit comprises six 

membrane-spanning segments with a pore-forming loop region between the 

fifth and sixth segments, and intracellular N- and €-termini. The N-terminus 

contains four' regions that show sequence similarity but have no defined 

functions. The C-terminus exhibits common and subunit-specific structural 

features. All TRPM subunits contain a TRP motif and a coiled-coil domain, 

some have unique enzymatic domains in the distal tail (Perraud et al, 2001). 

TRPM subunits form cationic channels (Ca^^-permeable except TRPM4 and 
、 - A 

TRPM5) that activated by numerous physiochemical stimuli and are important 
in a variety of physiological functions in both excitable and non-excitable cells 
(Clapham, 2003; Fleig and Penner, 2004). ‘ 

All the TRPM subunits can form functional homomeric channels (Perraud et 

al, 2001; Nadler et al, 2001; Runnels et al, 2001; Xu et al, 2001, Grimm et al, 

2003; Lee et al, 2003; Launay et al, 2002; Perez et al, 2002; Chubanov et al, 

2004, Voels et al, 2004; McKemy et al, 2002; Peier et al, 2002; Li et al, 2006). 

However only TRPM6 specifically interacts with its closest homolog, the « � 

Mg2+-j)enneable cation channcl TRPM7, resulting in the assembly of 

/ 
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functional TRPM6/TRPM7 complexes in the cell surfacc (Chubanov et al, 

2004). Co-expression of the TRPM6 and TRPM7 subunits results in a 

hetcromeric TRPM6/TRPM7 channel thai exhibits several functional 

properties distinct from the homomeric TRPM6 and TRPM7 channels, such as 

the sensitivity to pH, modulation by 2-aminoethoxydiphenyl borate and single-

channel conductance (Chubanov et al，2004; Li et al, 2006). Compared with 

expressing TRPM7 alone, co-expression of TRPM6 with TRPM7 results in a 

marked enhancement of manganese entry (Chubanov et al, 2004). TRPM7 

could modulate the subcellular distribution of TRPM6. Expressing of TRPM6 

alone was not detectable on the cell surface, whereas co-expression of TRPM6 

with TRPM7 resulted in trafficking of TRPM6 to the plasma membrane 

(Chubanov et al, 2004). However, the largeting-deficiency of human TRPM6 

could not be confirmed by other studies in which heterologous expression of 

TRPM6 efficiently reconstituted a Mĝ "" entry pathway without equivalent 

amounts of TRPM7 being co-expressed (Voets et al, 2004). The loss of 

heleromeric assembly of S141 L-mutaled TRPM6 with TRPM7 leads to a 

disruption of TRPM7-assisled surface targeting of TRPM6 (Chubanov et al, 

2004). The homozygous S141L missense mutation in TRPM6, like other 

defccts in TRPM6, is associated with autosomal recessive hypomagnescmia 

with secondary hypocalcemia (HSH) (Schlingmann ct al’ 2002). Thus these 

findings provide a biological explanation for the human disease. 

1.1.2 Inter subgroup interaction 

In addition to intra-subfamily coassembly, cross-subfamily assembly of TRP 

subunits could also happen. TRPP2 interacts with members of two other TRP 

subfamilies, TRPCl (Kobori, et al： 2009; Zhang, et al, 2009; Bai et al, 2008; 

Tsiokas et al, 1999 ) and TRPV4 (Stewart et al, 2010; Kottgen et al, 2008 ). 

11 
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TRPCl and TRPV4 may also interact to form a difference channel mediating 

flow-induced Ca^^ influx in vascular endothelial cells (Ma et al, 2010a, b). 

Functional studies indicate thai heteromultimeric channels may display 

properties different from those of homomultimeric channels (Hofmann et al, 

2002; Slrubing et al, 2001; Koltgcn et al, 2008). I Ictcromeric coassembly 

greatly diversifies the structure and function of TRP channels, and allows TRP 

channels to control and/or regulate many distinct cellular processes. 

1.1.2.1 TRPCl and TRPP2 

TRPC1 /TRPP2 complex represents the first example of intergroup subunit 

interaction. Co-IP experiments showed that TRPP2 interacts with TRPC 1 

through two distinct domains (Tsiokas et al, 1999). Atomic force microscopy 

found a decoration pattern indicating a TRPC 1 :TRPP2 subunit stoichiometry 

of 2:2 (Kobori et al, 2009). The C-terminal domain of TRPP2 is sufficient but 

not necessary for the TRPC1-TRPP2 association. A more N-lemiinal region, 

which is part of the TM domain and includes S2-S5 plus a putative pore 

helical region between S5-S6，is also able to mediate an interaction 

independently of the C-tcrminal region. The specific and dircct interaction 

region of TRPCl with TRPP2 is S639-S750. Moreover, it is found that L884H 

mutation abolishes the TRPP1-TRPP2 interaction, whereas the D886A 

mutation abolishes the TRPC 1-TRPP2 interaction. These results demonstrated 

that TRPP2 interacts with TRPCl by specific residues in the C-terminal 

cytoplasmic region of TRPP2. 

Co-IP using kidney membrane fraction and double immunofluorescent 

staining experiments showed that TRPP2 is colocalized with TRPCl in 

12 
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primary cilia of LLC-PKl (pig kidney epithelial cells) and mlMCD3 cclls (Bai 

et al, 2008). Biochemical, gain-of-function and loss-of-fimction experiments 

using single-channel and whole-cell analysis in LLC-PKl and mlMCD3 cells 

showed that TRPP2 and TRPCl assemble into a new GPCR-aclivated channel 

with biophysical properties distinct from that of individual channels (Bai et al, 

2008). The single-channel conductance of TRPP2/TRPC1 hetcro-complex was 

lower than TRPP2 homomers but higher than thai of TRPC1 homomers (Bai 

et al, 2008; Zhang, et al, 2009). Imaged channel structure in AFM studies 

showed that the calculated volume of TRPP2 is much larger than that of the 

homomeric TRPCl. The larger intramolecular space in TRPP2 in comparison 

with TRPCl may help to explain the larger pore conductance of TRPP2 than 

TRPCl (Zhang ct al, 2009). This phenomenon affects the electrophysiological 

and regulatory properties of TRPP2/TRPC1 heteromeric complex, and makes 

the properties of TRPP2/TRPC1 different from TRPP2 or TRPCl homomers. 

1.1.2.2 TRPCl and TRPV4 

Co-IP, double immunostaining and FRET experiments demonstrated thai 

TRPCl and TRPV4 interact physically (Ma et al, 2010a). The properties of 

TRPC1-TRPP2 complex are distinct from TRPCl or TPRV4 homers. 

Functionally, the association of TRPCl with TRPV4 prolongs the flow-

induced [Ca2+Ji transient and 4a-PDD—stimulated whole-cell current, and it 

also enables this transient to be negatively modulated by protein kinase 

G (PKG) (Ma et al, 2010a). This TRPV4-C1 complex plays a key role in flow-

induced endothelial Ca^^ influx. In another study, TIRFM，cell surface 

biotinylation, and functional data demonstrated that Ca^* store depletion 

enhances the vesicular trafficking, resulting in insertion of more TRPV4-C1 

heteromeric channels into the plasma membrane (Ma et al, 2010b). Studies 
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also found thai TRPV4 and TRPCl are co-localized with caveolin-1 in the 

caveolar compartment. Caveolae in endothelial cells have been implicated as 

plasma membrane microdomains that sense or transduce hemodynamic 

changes into biochemical signals that regulate vascular function (Ma et al, 

2010b). These findings suggest a functional role of caveolar localization of 

TRPV4 and TRPCl in flow sensing of endothelial cells. 

1.1.2.3 TRPP2 and TRPV4 

TRPP2 and TRPV4 physically and functionally interact. FRET and co-IP 

results showed that rRPP2 and TRPV4 form heteromultimers and colocalize 

in the primary cilia of MDCK cells. Atomic force microscopy study found a 

decoration pattern indicating a TRPP2:TRPV4 subunit stoichiometry of 2:2 

(Stewart et al, 2010). 

TRPP2 utilizes TRPV4 to form a mechano- and thermoscnsitivc molecular 

sensor in the cilium (Kottgen et al, 2008). Electrophysiological analysis 

showed that cell swelling may induce a current in TRPV4-expressing oocytes, 

but not in those expressing TRPP2. Co-expression of TRPP2 and TRPV4 

significantly magnified the swelling-activated current in Xenopus oocytes, but 

steady-state currents were unchanged. The swelling-induced conductance also 

increased about two fold in TRPV4-P2 co-expressing cells when compared to 

TRPV4-expressing cells. An increase in extracellular Ca^^ concentration 

caused a significant jncrease in whole cell currents in TRPV4-expressing 

oocytes. Co-expressing TRPP2 with TRPV4 in oocytes dramatically increased 

this effect. These data demonstrated that TRPP2 alters the functional 

properties of TRPV4. Co-expression of TRPV4 significantly increases the 
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TRPP2 surface expression, however TRPP2 reduces the surface expression of 

TRPV4. Thus the increases in swelling-induced conductance are not the result 

of increased TRPV4 surface expression but rather caused by an altered 

channel property through formation of TRPV4-P2 heteromers. Taken together, 

these data suggest that TRPV4 and TRPP2 not only interact physically but 

also functionally. The whole cell current of TRPV4 at warm temperatures 

(39°C) was doubled in the presence of TRPP2，which suggests that the 

TRPV4-TRPP2 channel complex exerls a thermosensory function (Kottgen et 

al, 2008). 

1.1.2.4 TRPAl and TRPVl 

Co-IP analysis revealed direct interactions between TRPAl and TRPVl in an 

expression system as well as in sensory neurons. Fluorescence-based 

fluorescence resonance energy transfer experiments indicated that a TRPAl-

TRPVl complex can be formed on the plasma membrane. Single channel 

properties of TRPAl are regulated by TRPVl independently of intracellular 

Ca2+. These data suggest that TRPVl and TRPAl form a complex and that 

TRPVl influences intrinsic characteristics of TRPAl channel (Staruschenko et 

al, 2010). 

1.1.3 Assembly domains in TRP channels 

TRP channels are complexes consisting of four pore-forming subunits 

(Hoenderop et al., 2003; Kedei et al, 2001). The N- and C-terminal domains 

are thought to be intracellular, where they may engage in subunit-subunit 

interactions, associate with other cellular proteins, and interact with 

cytoplasmic factors. Although TRP channels appear to share a common 
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transmembrane scaffold, individual family members display varied 

mechanisms of activation and ion selectivity (Clapham et al, 2001). This 

molecular variation is particularly manifested within the cytoplasmic domains. 

1.1.3.1 Ankyrin repeat domain 

Ankyrin repeat domain is one of the most common protein-protein interaction 

motifs. Its structure includes a 33-amino-acid sequence representing a highly 

conserved helix-turn-helix structure. There are six ankyrin repeats that seem to 

be conserved in all TRPV channels. Different TRP subtypes have intracellular 

ankyrin repeats. TRPC, TRPV, TRPN and TRPA channels contain an ankyrin 

repeat domain in their N-termini that are thought to play�key roles in protein— 

protein interactions. The ankyrin repeals in N-lerminus are essential for the 

tetramerization of TRPV4，TRPV5 ad TRPV6 (Amiges et al, 2006; Erier et al, 

2004). 

1.1.3.2 Coilcd-coil domain 

K 

Some members of the TRPC, TRPM, and TRPV subfamilies have been 

suggested to contain cytoplasmic coiled-coil domains (Jenke et al, 2003; 

Montell，2005). Coiled-coils are the most common and best understood 

protein-protein interaction domain (Lupas and Gruber, 2005; Woolfson, 2005). 

Some TRP interactions are mediated not only by ankyrin repeat domain but 

also by coiled-coil motif, such as tetramerization of TRPC4 and TRPC6. 

Evidence suggested that TRPCl channels assemble into homomers through 
* ‘ 

their N-terminal coiled-coil domains. In addition, the first ankyrin repeat of 

TRPCl is involved in the interaction with N-terminus ofTRPCS (Lepage et al, 

2006). Deletion or single point mutations within coiled-coil domain of 
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TRPM8 and TRPV1 abolish the function of respective channels (Tsuruda et al, 

2006; Garcia-Sanz et al，2004). 

1.1.3.3 Transmembrane domains 

In addition to cytosolic interactions, additional determinants of TRP subunil 

interactions are presumably located in the transmembrane parts of the proteins. 

The transmembrane domains of Drosophila TRP and TRPL may co-IP with 

full-length TRP, indicating that these transmembrane domains may be 

involved in subunit assembly. 

1.1.4 Physiological function of TRP channels assembling 

A feature share by many members of the TRP superfamily of proteins is that 

closely related TRP channels are often capable of forming heteromultimers. 

Heteromeric assembly is an effective mode for modulating the function, 

subcellular localization, and biophysical properties of the interacting channels. 

Firstly, heteromultimerization provides a mechanism for regulating the 

channel conductance as the biophysical properties of the heteromultimers are 

distinct from those of the homomultimers (Xu, et al, 1997; Xu, et al, 2000). 

For example, the interaction between TRPC1 and TRPC5 lead to the 

generation of novel channels with biophysical properties distinct from those of 

TRPCl to TRPC5 homomulimers (Strubing, et al, 2001). Secondly, 

heteromultimeric interactions among group 2 TRPs can also affect subcellular 

distributions of the channels. For example, interaction of TRPP1 and TRPP2 

drives the translocation of TRPP2 from intracellular compartments to the 

plasma membrane (Montell, 2005). 
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1.2 TRP channels and Mechanosensation 

All TRP channels are cation permeable, and most are not selective for 

monovalent versus divalent ions. Exceptions includc TRPV5 and TRPV6, 

which display significant specificity for Ca�— ions (Van de Graaf, et al, 2007; 

Theun de Grootl, et al, 2008), and TRPM4 and TRPM5, which are highly 

selective for monovalent cations and inpermeable to Ca^^ (Hofmann et al, 

2003; Launay et al, 2002; Liu el al, 2003; Prawitt et al, 2003 ). TRP channels 

were first described in a Drosophila mutant that had an impaired visual 

transduction response (Cosens and Manning, 1969). In addition to their 

responses to light, TRP channels are activated by a variety of stimuli, 

including mechanical, chemical, temperature, osmolarity, intracellular Ca:.， 

fatty acids and receptor-dependent vasoconstrictor agonist etc (Damann, et al, 

2008). 

Mechanically sensitive ion channels are very important in variety of key 

physiological functions ranging from touch sensitivity to arterial pressure 

regulation. Several TRP channels arc sensitive to various forms of mechanical 

stress. 

1.2.1 TRPC 

1.2.1.1 TRPCl 

The mechanosensitive cation channel (MSCC), also referred to as a stretch-

activated cation channel (SAC), transduces membrane stretch into cation (Na+’ 

K+，Ca2+ and Mg2+) influx, and is implicated in cell-volume regulation, cell 
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motion, muscle dystrophy and cardiac arrhythmias. Based on detergent 

solubilization of frog oocyte membrane proteins, followed by liposome 

reconstitution and evaluation by patch-clamp, Maroto et ai (2005) found thai 

TRPCl forms a mechanosensitive cationic channcl. Heterologous expression » 

of the human TRPCl resulted in a tenfold increase in MSCC patch density, 

whereas injection of a TRPCl-siRNA abolished endogenous MSCC activity. 

Xenopus MSCC is directly gated by negative pressure applied in the patch 

pipette (Hamill and Martinac, 2001). It was thus concluded that TRPCl is a 

component of the vertebrate MSCC, which is gated by tension developed in 

the lipid bilayer, as it is the case in various prokaryotic mechanosensitive 

channels. Transfection of human TRPCl into CHO-Kl cells also significantly 

increases the expression of MSCC by functional assay. However, some reports 

have failed to confirm the mechanosensitivity of TRPCl either in transfccted 

cells or in native arterial myocytes (Dietrich et al, 2007; Gottlieb et al, 2008). 

Gottlieb el al (2008) found that the MSCC activity was not significantly 

different between non-transfected and TRPC1 -transfected CHO-K cells. 

Further, in isolated cerebral artery, no difference was detected in mechanically 

activated cation current and pressure-induced vasoconstriction between wild-

type and TRPCl-deficient mice (Dietrich et al，2007). One explanation is that 

the methods to activate channel are difference in different studies. Some used 

osomotic swelling or cell inflation, while the others used most classical way of 

applying a negative pressure through the patch petite while recording channel 

activity in the cell-attached or inside-out configuration (Dietrich et al, 2007; 

Pedersen et al, 2007). 

In addition, TRPCl is over-expressed in transverse aortic constriction-induced 

hypertrophy (Ohba et al, 2007). Cardiomyocytes isolated from TRPC'''' mice 

failed to show an increase in the markers of cardiac remodeling in response to 
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cyclic stretch (Seth et al, 2009). TRPCl activation by stretch via the 

angiotention II type 1 receptor (AT 1R) is responsible for calcium entry which 

takes part in cardiac hypertrophic signaling (Seth et al, 2009). 

More recently, our group (Ma el.al 2010a) showed that TRPCl forms a 

functional complex with TRPV4 in co-expressing HEK cells and native 

endothelial cells. In native endothelial cells, TRPV4-C1 complex is the main 

molecular entity that is responsible for flow-induced Ca^^ influx and 

subsequent vascular dilation. Moreover, protein kinase G negatively regulates 

TRPCl-TRPV4 complex through its action on TRPCl subunit. These results 

showed that TRPC1 may not be a direct effector for flow response，instead it 

takes part in the flow response through its interaction with TRPV4. 

1.2.1.2 TRPC5 

TRPC5 is highly expressed in tissues that are subjected to strong hydrostatic 

forces，such as heart, vascular, renal podocitics and gastric smooth muscle 

(Earley et al, 2004; Kraft and Harteneck, 2005; Dietrich et al, 2006; Inoue et al， 

2006). The hypoosmotic stimulation and pressure induced membrane stretch 

activate TRPC5 channels resulting in a large calcium influx, which can be 

blocked by GsMTx-4, an inhibitor of stretch and mechanically activated ion 

channels (Suchyana et al, 2000; Park et al, 2008). The TRPC5 current 

activated by hypoosmotic stimulation is dependent on extracellular Câ "̂  and is 

prevented by intracellular Ca^^ buffering. These data indicated that Câ "̂  

elevation and basal Ca^^ levels are necessary to sustain the activation of 

TRPC5 channel. TRPC5 channels can be turned on by activating receptors that 

20 



Chapter 1 Introductiofi 

are coupled to PLC. However, direct hypoosmotic activation of TRPC5 is 

independent of phospholipase C function (Schaefer et al, 2000; Putney, 2004). 

TRPC5 is highly expressed in the frontal cortex, hypothalamus, hippocampus, 

visceral sensory neurons and trigeminal sensory neurons (Philipp et al, 1998; 

Ricco el al, 2002, Greka et al, 2003; Glazebrook et al, 2005; Fowler et al, 2007; 

Gomis et al, 2008). Neurons expressing TRPC5 in the trigeminal ganglion 

were mainly of small diameter, most of which in sensory ganglia are 

nociceptive and respond to noxious mechanical forces. Osmo-mechanical 

characteristics of TRPC5 channels together with its expression in sensory 

neurons suggest its conjectural function in mechnosensory transduction. It is 

known that TRPC channels can form some functional heteromeric complex 

(Strubing et al, 2001; Hofmaim et al, 2002), TRPC5 may assemble to form 

heteromeric complcx with other TRPCs to exert mechanosensitive role. 

1.2.1.3 TRPC6 

TRPC6 is a calcium-permeable non-selective cation channel which is widely 

expressed in a variety of tissues including cardiovascular system (Dietrich and 

Gudcrmann, 2007). TRPC6 could be a sensor of mechanically and osmotically 

induced membrane stretch. TRPC6 is inhibited by the spider toxin GsMTx-4, 
» 

a blocker of SACs (Spassova et al, 2006; Bode et al, 2001; Suchyna et al, 

2002), and is also directly activated by diacylglycerol (DAG) (Hofmann et al, 

1999). Unfortunately, similar to TRPCl, subsequent studies failed to confirm 

the direct mechanosensitivity of TRPC6 cells (Mederos et al, 2008; Inoue et al, 

2009). TRPC6 was shown to become mechanosensitive when co-expressed 

with the angiotentin II type 1 receptor (ATIR), even in the absence of the 
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ligand Angiotensin II (Ang II) (Mederos et al, 2008). The TRPC6 activation * 

by stretch or swelling is blocked by PLC inhibition or by GDPPs, which 

impairs G protein activation (Mederos et al, 2008; Park et al, 2003). In the 

absence of ATIR overexpression, TRPC6 can not be activated by membrane 

stretch (Spassova et al, 2006)，suggesting that endogenous G protein coupled 

receptors (GPCRs) do not underlie stretch-induced TRPC6 activation 

(Mederos el al, 2008; I none ct al, 2009). Unfortunately, similar to TRPCl, 

some studies tailed to confirm the direct mechanosensitivity of TRPC6 cells 

(Mederos et al, 2008; Inoue et al, 2009). Taken together, the present evidences 

suggest that TRPC6 may not be intrinsically mechanosensitive, and that its 

activation by stretch is dependent on ligand-induced receptor activation. 

Knocking-down of TRPC6 was found to strongly reduce pressure-induced 

myocyte depolarization, myogenic response and swelling-induced currcnt 

(Welsh et al, 2002). In ventricular cardiac cells, TRPC6 localized in T tubules 

is involved in the stretch-sensitive depolarizing current (Dyachenko et al, 

2009). Recent evidence demonstrates that TRPC6 and TRPC3 expression arc 

increased in hypertrophic and failing hearts, and are involved in the increase 

of intracellular calcium during cardiac hypertrophy (Kuwaliara et al, 2006; 

Bush et al, 2006; Nakayama et al, 2006; Onohara et al, 2006; Scth et al, 2009). 

1.2.2 TRPV 

1.2.2.1 TRPVl 

TRPVl, acting as a low pressure baroreccptor, is expressed in various renal 

tissues and is especially abundant in renal pelvis, where most sensory nerve 
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fc? 

fibers originate (Feng et al, 2008), TRPVl regulates neuropeptide release from 

primary renal afferent C-fivers in response to mcchanostimulation. 

1.2.2.2 TRPV2 
« • 

TRPV2 is mainly expressed in medium and large sensory neurons, brain and 

spinal cord, also in vascular and cardiomyocytes (Caterina et al, 1999; Bender 

et al, 2005; Kanzaki et al, 1999; Muraki et al, 2003). TRPV2 is a major 

component of native Ca^^-permeable cation channels, which is respond to 

membrane stretch in mouse aortic myocytes. In Chinese Hamster Ovary K1 

(CHO-Kl) cells Iransfecled with mouse TRPV2’ Single channel recording 

showed that membrane stretch through the patch pipette and cell swelling 

caused by hypotonic solution are capable of activating nonselective cationic 

channel current (NSCC), inducing Ca2+ influx, but not in control CHO-Kl 

cells (Muraki et al, 2003). In mouse aortic myocytes, cell swelling caused by 

hypotonic solution activates a NSCC and elevates These responses 

were effectively inhibited by ruthenium red, a general TRPV blocker. 

However 4a-PDD, a potent activator of TRPV4, was not effective in aortic 

myocytes. TRPV2 antisense oligonucleotides was found to suppress 

hypotonicity-induced activation of cation channel current (Muraki et al, 2003). 

The cyclic stretch may translocate TRPV2 to the plasma membrane (Iwata et 

al, 2003). Taken together, these results suggest that TRPV2 functions as an 

important mechanosensitive channel. 

1.2.2.3 TRPV4 and its complex 

1.2.2.3.1 TRPV4 
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TRPV4 is activated by mechanical stimuli, such as hypotonic cell swelling 

(Liedtke et al, 2000; Strotmann et al’ 2000), pressure (Suzuki et al, 2003)， 

membrane stretch (Thodeti et al, 2009), and shear stress (Gao et al, 2003). 

Mechanical forces caused by fluid flow and hydrodynamic pressure provide 

the key signals that regulate glomerulotubular balance in the proximal tubule 

and ion transport in the distal nephron including the cortical collecting duct 

(CCD). In mouse kidney Ml-1 (CCD) cells and TRPV4-HEK cells, 

hypotonicity- and flow-induced activation of calcium influx could be largely 

abolished by suppressing TRPV4 using siRNA or TRPV general channel 

blocker ruthenium red (Caterina and Julius，2001; Cebrian ct al, 2004; Chen 

et al, 2001). In CCD, the activation of the TRPV4 channels induced by flow 

allows calcium influx, which results in the activation of the maxi-K+ channels 

and leads to the secretion of K‘ into the luminal fluid (Taniguchi el al, 2007). 

Urinary excretion of K+ depends on urine volume, which was explained by 

flow-dependent IC+ secretion from distal nephron segments, including the 

distal convoluted tubule, connecting tubule (CNT) and cortical collecting duct 

(CCD) (Malnic et al, 1989). 

TRPV4 is only expressed in the kidney tubule segments that lack constitutive 

apical water permeability, where a transcellular osmotic gradient is expected 

to develop. Expression of TRPV4 is entirely absent along the early parts of the 

kidney tubule where passive water reabsorption takes place, otherwise, at the 

hairpin turn, TRPV4 expression abruptly emerges (Tian et al, 2004). The 

TRPV4 distribution in renal tubules implies that TRPV4 also has osmosensing 

ftinction and plays a role in cell volume regulation. Under hypotonic 

conditions, swelling of HaCaT keratinocytes’ human airway epithelia and 
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TRPV4-transfcctcd CI lO cclls lead to an activation of TRPV4’ resulting in an 
^ I 

influx of Ca followed by regulatory volume dccrcasc (RVD) (Arniges et al， 

2004; Becker et al, 2005). In addition, functional interaction between TRPV4 

and F-actin takes part in sensing hypotonicity and the onset of RVD (Becker et 

al, 2009). 

In vascular endothelial cells, shear stress generated by blood flow is a key 

physiological stimulus. Flow induces the release of endothelial vasodilator 

factors that subsequently cause relaxation of underlying smooth muscles, this 

phenomenon named as flow-mediated dilation (Busse and Fleming, 2003). 

Ca2+ signaling has been believed to be involved in endothelial 

mechanotransduction and flow-induced dilation (Davies, 1995). TRPV4, a 

Ca^^-permeable cation channel, is expressed in vascular endothelial cells of 

several species and is shown to participate in the regulation of vascular tone, 

including flow-mediated dilation (Earley et al, 2009; Hartmannsgrube et al, 

2007; Kohler et al, 2006; Loot et al, 2008; Marrelli et al, 2007; Saliez et al, 

2008; Willctte et al, 2008; Yao and Garland, 2005; Zhang el al, 2009). A shear 

stress induced TRPV4-mcdiated Ca^' entry has been demonstrated in 

overexpression systems (Gao et al，2003). In MDCK cells, TRPV4 is also 

shown an essential for flow-induced calcium response (Kottgen et al, 2008). 

Flow induced-vasodilation was greatly blocked by the TRPV inhibitor 

ruthenium red. Knocking down of TRPV4 results in blunted flow-induced 

dilation of carotid arteries (Hartmannsgruber et al, 2007; Loot et al, 2008) and 

small resistance arteries (Mendoza et al, 2010). 

TRPV4 channel is essential for the normal detection of pressure and is also a 

receptor of the high-threshold mechanosensory complex (Suzuki et al，2003). 
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In TRPV4 knockout mice, detection of pressure is impaired, whereas the 

mechanical touch and intact hot can still be delected (Suzuki ct al, 2003). 

TRPV4 acts as the stretch-activated ion channel that required for activation of 

pi integrins, which mediate capillary endothelial cell responses to mechanical 

forces and the interaction between cell and extracellular matrix (Thodeti ct al, 

2009). TRPV blocker ruthenium�red and downregulation TRPV4 by siRNA 

inhibit strain-induced calcium influx (Thodeti et al, 2009). 

1.2.2.3.2 The complcx of TRPV4/TRPP2 

The mechanosensitivity of TRPP2 has recently been linked to TRPV4. 

Kottgen and coworkers found that rRPP2, which by itself lacks 

mechanosensilive properties, utilizes TRPV4 to form a mechano- and 

thermosensitive molecular sensor in primary cilia of MDCK cells (Kottgen et 

al, 2008). 

In renal system, mechanical forces due to fluid flow and hydrodynamic 

pressure provide the key signals that regulate glomerulolubular balancc in the 

proximal tubule (PT) and ion transport in the distal nephron, including the 

cortical collecting duel (CCD). An increase in flow rate in the CCD dissected 

in vitro produced a 20% increase in diameter and [Ca�.]丨 increased three folds 

in principal and intercalated cells. The regulation of TRPP2 in TRPV4-P2 

channcl complex is helpful to modulate elaborate glomerulotubular balance 

and ion transport in renal tubular. Accordingly, flow-mediated Ca^^ transient 

in renal epithelial cells requires the presence of functional TRPP2 and TRPV4 

(Nauli et al, 2003; Koltgen et al, 2008), both of which are essential 

components of the ciliary mechanosensor. 
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1.2.3 The polycystin complex TRPP1/TRPP2 

Almost all the types of epithelial cells contain a primary cilium such as the 

epithelial cells of kidney, vascular and immune system (Zhou et al, 2009; 

Fliegauf et al, 2007; Hildebrandt and Otto, 2005; Badano el al, 2006). The 

primary cilium of Madin-Darby canine kidney (MDCK) cells, a renal 

epithelial cell line derived from the canine distal tubule, bends and acts as a 

flow sensor in response to increased fluid flow rate (shear stress) (Praetorius 

and Spring, 2001; Praetorius and Spring, 2005). This response depends on the 

presence of the primary cilium. Removal of primary cilium by choral hydrate 

treatment renders the cells irresponsive to shear stress (Praetorius and Spring, 

2003). Moreover, direct bending of the primary cilium in MDCK cells by 

micropipette induces intracellular calcium rise (Praetorius and Spring, 2001). 

Thus, the primary cilium is proposed to act as a mechano-sensitive antenna 

that is able to sense fluid flow in the kidney tubule (Nauli and Zhou, 2004; 

Praetorius and Spring, 2005). The TRPP1/TRPP2 complex is expressed at the 

plasma membrane of the primary cilium in kidney epithelial cells (Nauli et al, 

2003). Renal cells isolated from transgenic mice that lack functional 

polycystin-1 do not show a calcium response to increased fluid flow (Nauli et 

al, 2003). And blocking antibodies directed against TRPP2 abolished the flow 

response of wild-type kidney epithelial cells (Nauli et al, 2003)'. The 

TRPP1/TRPP2 complex is thus proposed to be part of a mechano-transduction 

pathway that senses fluid flow. 

TRPPl and TRPP2 are also expressed in vascular smooth muscle and the 

endothelium of most blood vessels, including the aorta and cerebral arteries 

(Bichet et al, 2006; Ecder et al, 2009). Similar to renal epithelial cells, the 
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endothelial cells respond to shear stress (Hahn and Schwartz, 2009). Blood 

flow induces an increase in intracellular calcium concentration followed by the 

endothelial release of nitric oxide, which leads to vasodilation. The primary 

cilia of endothelial cells are also involved in blood flow sensing (Nauli et al, 

2009). Endothelial cells isolated from 敝knockout mice that lack primary 

cilia failed to respond to fluid flow (Nauli et al, 2009). Both TRPPl and 

TRPP2 arc localized to the primary cilium of endothelial cells (Nauli el al, 

2009; Aboualaiwi et al, 2009). Moreover, endothelial cells isolated from 

aortae of PkdJ-knockoui mice or heterozygous /'^J2-knockoul mice are not 

sensitive to fluid flow, although they are activated by acetylcholine (a natural 

vasodilator), demonstrating the selective impairment of flow sensing (Nauli et 

al, 2009，Aboualaiwi et al, 2009). Wissam et al (2009) also confirmed the 

interaction of TRPPl and TRPP2 in endothelial cells by 

coimmunoprecipitation studies. These findings indicate that flow stimulation 

may activate the TRPPl/TRPP2 complex in endothelial primary cilia to 

promote calcium influx that in turn triggers nitric oxide release and 

vasodilation. The failure to release nitric oxide in response to shear stress has 

been proposed to be clinically relevant to the development of hypertension in 

patients with autosomal dominant PKD. 

TRPPl and TRPP2 are abundantly expressed in arterial myocytes that respond 

to pressure rather than flow (Bichet et al, 2006; Ecder and Schrier, 2009). An 

increase in intraluminal pressure causes the gradual depolarization of vascular 

smooth muscle cells (VSMCs) that is lijiked to the opening of non-selective 

stretch-activated cation channels (SACs). This process is followed by 

activation of voltage-gated calcium channels, which results in intracellular 

calcium rise and myocyte constriction (Brayden, 2008; Hill et al，2006). In 

contrast to the role of the TRPPl/TRPP2 complex as a flow sensor in the 
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primary cilium of endothelial and epithelial cells, where inaclivation of either 

TRPPl or TRPP2 impairs flow sensing (Nauli et al, 2009, Nauli et al，2003), 

TRPP2 is reported to inhibit SACs in some other cells including vascular 

myocytes and renal epithelial cells. Furthermore, this inhibition is reversed by 

co-expression with TRPPl (Sharif Naeini et al, 2009). These findings suggest 

that the ratio of TRPPl to TRPP2 may be important to regulate SAC opening. 

Moreover, deletion of pkdl in smooth muscle cells decreases SAC opening 

and arterial myogenic tone, and knocking down pkdl in pkdl- deficient 

arteries rescues both SAC activity and the myogenic tone (Sharif Naeini et al, 

2009). TRPP2 also interacts with an actin cross-linking protein - filamin A, 

which is important for SAC regulation by TRPPl/TRPP2 (Sharif Naeini el al, 

2009). 

1.2.4 The ankyrin TRPAl channel 

TRPAl was initially considered as a possible candidate mechanosensor and 

proposed to be the mechanically gated hair cell transduction channel required 

for the auditory response (Corey et al, 2004). TRPAl includes a 14-16 amino 

terminal ankyrin repeat domain (ARD) that has been speculated to act as a 

gating spring in mechanosensing (Corey，2006). TRPA"^' mice show 

behavioral deficits in response to punctate mechanical stimuli，suggesting that 

this channel contributes to mechanical transduction in nociceptor sensory 

neurons (Bautista et al, 2006; Corey, 2006; Kwan et al, 2006). However, later 

studies using TRPAl knockout mice argued against the hypothesis of TRPAl 

as hair cell mechanosensor. TRPAl knockout mice display normal startle 

reflex to loud noise, a normal sense of balance, a normal auditory brainstem 

response, and normal transduction currents in vestibular hair cells (Bautista et 

al, 2006; Kwan et al, 2006). In addition, GsMTx-4, a toxin that inhibits 
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Stretch-activated channels through a bilayer-depcndent mechanism (Bode et al, 

2001; Suchyna et al, 2004), causcs potent activation of TRPAl channels (Hill 

and Schaefer, 2007). 

1.2.5 TRPM subfamily 

In TRPM subfamily, TRPM3, TRPM4 and TRPM7 have been considered so 

far as mcchanosensitive channels. 

1.2.5.1 TRPM3 

TRPM3 has at least 12 spice variants. A short human splice variant was able 

to be activated by hypotonic cell swelling (Grimm et al, 2003). However, the 

mechanism is still unclear. 

1.2.5.2 TRPM4 

TRPM4 is expressed widely in many tissues，including arterial smooth muscle 

and endothelial cells (Earley et al, 2004; Nilius and Vennekens, 2006; 

Vennekens R and NiliusB，2007). TRPM4, acting as a voltage-dependent 

channel, can be activated by Ca^^ (Nilius et al, 2003; Vennekens and Nilius, 

2007). Overexpression of hTRPM4B in HEK293 cells results in the 

appearance of cation channels that are activated by both negative pressure and 

Ca2+ and share the properties of native SACs in cerebral artery myocytes 

(Morita et al, 2007). Knocking-down of TRPM4 was found to reduce 

pressure-induced myocyte depolarization and myogenic contraction of isolated 
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cerebral arteries, whereas KCl-induced constriction did not differ between 

groups (Earley et al, 2004). 

1.2.5.3 TRPM7 

TRPM7 is expressed in multiple tissues including vascular smooth muscle (He 

et al, 2005; Runnels et al, 2001; Yao and Garland, 2005). TRPM7 forms an 

outward rectifier channel that permeates Na^ and Câ "̂  and is dependent on 

cytoplasmic Mg2+ and hydrolyzable ATP level. TRPM7 is a stretch and 

swelling-activated cation channel that plays an important role in volume 

regulation (Numata et al, 2007; Numata et al, 2007). Whole-cell patch clamp 

experiment showed that the activity of TRPM7 is excited by shear stress and 

by osmotic swelling in HEK cells expressing TRPM7 (Numata et al, 2007). In 

addition, membrane stretch increased single-channel activity (Numata et aJ, 

2007). TRPM7 is translocated within cells in response to laminar flow 

(Oancea et al, 2006). After increasing shear stress, TRPM7 molecules are 

translocated to or near the plasma membrane (Oancea el al, 2006). 
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2. Chapter 2: Objective of the present study 

In the present study, we employed several methods including co-IP, chemical 

cross-linking, FRET detection, double immunostaining, intracellular Ca^' 

measurement, patch clamp, etc to firstly explore: 

1) The physical interaction of TRPV4, -C2, -P2 in the primary cultured 

rat MAECs and HEK 293 cells co-expressing these three TRP proteins. 

2) The functional role of heteromeric TRPV4-C1-P2 channels in flow-

induced [Ca2+]i rises and whole-cell currents. 

3) The physical interaction of TRPV4, -P2 in Ml CCD cells and HEK 

293 cells co-expressing TRPV4 and TRPP2. 

4) The role of heteromeric TRPV4-P2 channels in flow-induced [Ca�]丨 

rises in Ml and HEK 293 cells co-expressing TRPV4 and TRPP2, and 

its regulation by PKG. 
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3. Chapter 3： Materials and Methods 

3.1 Materials 

3,1.1 Chemicals and reagents 

Human embryonic kidney cell line HEK293 was from ATCC, USA, Fura-2-

AM and Pluronic F-127 were obtained from Molecular Probes, and 

Dulbecco's modified Eagle's medium (DMEM), Phosphate Buffered Saline 

(PBS), Opli-MEM, fetal bovine serum (FBS), Lipofectamine 2000, and 

protease inhibitors were from Invitrogen, Anti-TRPCl and anti-TRPV4 

antibodies were from Alomone Laboratories, anti-TRPP2 antibody (G20) was 

from Santa Cruz biotechnology. Nonidet P-40, sodium dcoxycholate, SDS, 

EDTA, collagenase lA，CaCh, Hepes, BSA, ATP, BAPTA, CsCl, Cs+-

aspartatc, Sucrose, glucose, Tris-HCl, trypsin and MgC^ were purchased 

from Sigma. Endothelial basic medium (EBM), Endothelial growing medium 

(EGM) and bovine brain extract (BBE) were from Lonza. DSS 

(disuccinimidylsuberate) and DTSSP (3’3'-dithiobis 

sulfosuccinimidylpropionate) was purchased from Thermo scientific. 

3.1.2 Solutions 

3.1.2.1 Solutions for western blotting 

Protein extraction buffer (pH 7.4) 

Reagents 

Tris-HCl (pH 7.4) 

NaCl 

NaF 

Nonidet P-40 

Sodium Dcoxycholate 

Concentration 

50 mM 

150 mM 

50 mM 

1 

0.5 

3
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Complete protease inhibitor cocktail tablets (50 ml/tablet) were freshly added 

before use. 

6X SDS loading dye (10 冲 

Reagents 

Tris-HCl (pH 6.8) 

Bromophenol Blue 

SDS 

Glycerol 

2-mercaptoethanol 

Concentration 

100 mM 

0.25% 

4 % 

20% 

1 0 % 

Resolving gel (7.5%) 

Reagents 

H2O 

40 % acrylamide 

i . 5M Tris-HCl (pH 8.8) 

10% SDS 

10 % Ammonium persulfate (APS) 

TEMED 

Concentration 

4.8 ml 

1.68 ml 

2.3 ml 

90 |il 

90 îl 

9 Hi 

Staking gel (4%) 

Reagents 

H2O 

40 % acrylamide 

0.5 M Tris-HCl (pH 6.8) 

10% SDS 

10 % Ammonium persulfate (APS) 

TEMED 

Concentration 

2.5 ml 

0.4 ml 

1 ml 

40 

40 îl 

Running buffer (pH 8.6) 

Reagents 

Tris-base 

Glycine 

Concentration 

25 mM 

192 mM 
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SDS 0.1 % 

Transfer buffer (pH 9.2) 

Reagents 

Tris-base 

Glycine 

SDS 

Methanol 

Concentration 

48 mM 

39 mM 

0.05 

20% 

Washing buffer: Phosphate-buffer saline (PBS, pH 7.4) 

Reagents 

NaCl 

Na2HP04 

KCl 

KH2PO4 

Concentration 

140 mM 

10 mM 

3 mM 

2mM 

Permeabilization buffer: PBS-T 

0.01 % Tween-20 PBS (pH 7.4) 

Blocking buffer (pH 7.4) 

5 % non-fat milk in PBS-T 

3.1.2.2 Solutions for agarose gel eletrophoresis 

1 X TAE buffer (pH 7.4) 

Reagents 

Tris-HCl 

Sodium acetate 

EDTA 

6 X DNA sample loading buffer 

Reagents 

Bromophenol blue 

Xylene cyanol FF 

Concentration 

40 mM 

20 mM 

1 mM 

Concentration 

0.25% 

0.25% 
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Sucrose 40% 

3.1.2.3 Solutions for cloning 

Luria-Bertani Media (LB Media) 

Reagents 

Tryptone 

Yeast extract 

NaCl 

Concentration 

lOg/L 

5g/L 

5g/L 

LB agar 

15 g select agar in 1 L LB media. 

3.1.2.4 Solutions used in Ca:. imaging system 

Normal physiological saline solution (NPSS，pH 7.4 with NaOH) 

Reagents Concentration 

NaCl 140mM 

KCl 5 mM 

CaCb 1 mM 

HEPES 5 mM 

Glucose 10 mM 

Ca2+-free physiological saline solution (OPSS, pH 7.4 with NaOH) 

Reagents 

NaCl 

KCl 
» 

HEPES 

Glucose 

Concentration 

140 mM 

5 mM 

5mM 

10 mM 
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3.1.3 Animals 

Male Sprague-Dawley rats and C57BL micc were supplied from Laboratory 

Animal Services Center of the Chinese University of Hong Kong. 

3,2 Methods 

3.2.1 Cell culture 

3.2.1.1 Preparation and culture of the primary rat mesenteric artery 

endothelial cells 

All animal work was done in accordance with the Guide for the Care and Use 

of Laboratory Animals published by the US National Institutes of Health (NIH 

publication No.8523). The primary cultured mesenteric artery endothelial cells 

(MAECs) were isolated from male Sprague-Dawley rats of approximately 

250-300g as described elsewhere (Ma, 010a). Before performing dissection, 

all instruments were sterilized by 70% ethanol. Rats were killed by CO2 gas 

and also sterilized by 70% ethanol. After perfusing 100 ml physiological 

saline solution PBS (in mmol/L: 140 NaCl, 3 KCl, 25 Tris, pH 7.4) from rat 

heart, the small intestine was dissected out and all the vein branches of the 

mesenteric bed were rapidly excised. Then remained arterial branched were 

digested with 0.025% collagenase lA in endothelial basic medium (EBM) for 

45 min at 37°C. After centrifugalion at 1600xg for 5 min, the pelleted cells 

were resuspended in endothelial growing medium (EGM) supplemented with 

1% bovine brain extract (BBE), and plated in a flask. Nonadherent cells were 

removed 1 hr later. To avoid possible effects of culture conditions on 

endothelial cell properties, only cells of the first two passages that were 

maintained in culture condition for less than 1 week were used for experiments. 
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The identity of the primary cultured rat MAECs were examined by 

immunostains using an antibody against von Willebrand factor and the results 

showed that 98% of cells were of endothelial origin (Kvvan et al, 2000). 
. / 

3.2.1.2 HEK293 cells 

HEK293 cells were cultured in DMEM supplemented with 10% FBS, 100 

Hg/ml penicillin and 100 U/ml streptomycin. All cells were grown at 37°C in a 

5% CO2 humidified incubator. 

3.2.1.3 Ml cell line 

The Ml-CCD ccll line (CRL-2038; American Type Culture Collection, 

Manassas, VA) is derived from renal CCD microdissected from a mouse 

transgenic for the early region of SV40 virus [strain Tg(SV40E) Bri7] (Stoos 

BA, et al, 1991). Ml-CCD cells were routinely grown in 75-cm^ polystyrene 

culture flasks containing 1:1 DMEM and Ham's F-12 medium (DMEM/F-12) 

with fetal bovine serum (10%), supplemented with L-glutamine (2 mM)’ 

penicillin (100 U/ml), streptomycin (100 fag/ml), and dexaniethasdne (5 |iM). 

3.2.2 Molecular biology studies 

3.2.2.1 Ciunes and transfection 

Mouse TRPV4 gene (NM_022017) and TRPV4M6则）were gifts from Dr. 

Bemd Nilius, Belgium. Human TRPCl cDNA (NM_003304) was obtained by 

RT-PCR from human coronary endothelial cells CC2585 (BioWhittaker). 
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Figure 3-1. The construction of CFP or YFP -lagged TRP proteins 

HEK293 cells were transfected with various constructs using Lipofectamine 

2000 as described elsewhere (Ma el al, 2010). Transfection was done with 

4 fig plasmid DMA of each construct and 6 \i\ Lipofectaminc 2000 in 200 |il of 

Opti-MEM reduced serum medium in six-well plates. Primary cultured 

MAECs were Iransfecled with various Qonstructs by electroporation using 

Nucleofector II following the procedure in manufacturer's instruction manual. 
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Human TRPP2 was a gift of Dr. Gregory Gerinino, John Hopkins University, 

USA. TRPC1A567-793 and were gifts Irom Dr. Indus Ambudkar, 

NIH, USA. TRPP2D5I1v was a gift from Dr. Rong Ma, University of North 

Texas, USA. point mutation was generated by QuickChange Site-

directed Mutagenesis Kit (Stralagene). Mutagenic oligonucleotide was 

GTATCTTCACCCAGTTCGGCATCAriTTGGGTGAT for R636G. 

Mutagenic oligonucleotides were CAA ACT AAA ACT GAA AAG AAA 

CGC TGT AG A TGC CAT CTC AGA GAG for T719A, CCA GAG CC 

GGA GGG GAG CCA TCT CCA GTG GGG for S827A. All clones were 

auto-sequenced by ABI310 autosequencer to verify the authenticity of the 

genes. For subcellular co-localization and FRET, TRPV4-C1 concatemer was 

tagged with CFP at its C-terminus, and TRPP2 was tagged with YFP at its C-

lerminus (Fig.3-1). 
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About 80% of HEK293 cells and about 70% of the primary cultured rat 

MAECs were successfully transfected by respective protocols as indicated by 

control transfection using a GFP-cxpressing pCAGGS vector. All genes 

except PKGla were transiently transfected into targeted cells. Functional 

studies were performed 2-3 days post transfection. 

3.2.2.2 TAT-mecliated protein transduction into Ml cells. 

S827 Small peptides that containing TRPP2 PKG phsphorylation sites (TRPP2 

SRRRGSIS; TRPP2丁7"，KLKRNTVD) were conjugated to an NHz-terminal 

11-amino acid HIV Tat protein transduction domain (YGRKKRRQRRR) at 

Alpha Diagnostic International (USA) ( Schwarze SR, et al, 1999). Ml cclls 

were pretreated with TAT-TRPP2^*'^ (100 nM) plus T A T - ( 1 0 0 nM) 

at room temperature for at least 10 min before whole cell current recording or 

calcium measure. 

3.2.2.3 Double immunostaining 

Double immunofluorescence assay was performed. 

3.2.2.3.1 Double immunostaining for chapter 4 

Double immunofluorescence assay was performed. Briefly, MAEC cclls were 

seeded on glass coverslips. The cells were rinsed with PBS three limes, then 

fixed with 3.7% formaldehyde and permcabilized with 0.2% Triton X-100. 

Nonspecific immunostaining was blocked by incubating the cells with 2% 

BSA in PBS. The cells were then incubated with TRPV4 or TRPCl antibody 
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(rabbit polyclonal antibody, Alomone Labs) or TRPP2 (020, goat polyclonal 

antibody, Santa Cruz Biotechnology) antibodies for 1 h at RT. After three 

washes with PBS, the cells were incubated with acetyIated-alpha-tubulin 

antibody (mouse monoclonal antibody, abeam company) for 1 h at RT. After 

three washes with PBS, the cells were incubated for 1 h with a mixture of 

secondary donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (1:200) (for 

TRPV4 or TRPCl) and goat anti-mouse IgG conjugated to Alexa Fluor 535 

(for acetylatcd- alpha-tubulin antibody); donkey anti-goat IgG conjugated to 

Alexa Fluor 546 (1:100) (for TRPP2) and rabbit anti-mouse IgG conjugated to 

Alexa Fluor 488 (for acetylated- alpha-tubulin antibody). After washing and 

mounting, immunofluorescence of the cclls was detected using FV1000 

confocal system. 

3.2.2.3.2 Double immunostaining for chapter 5 

Double immunofluorescence assay was performed. Briefly, M1 CCD cells or 

HEK293 cells co-expressing TRPV4 and -P2 were seeded on glass coverslips. 

The cells were rinsed with PBS three limes, then fixed with 3.7% 

paraformaldehyde and permeabilized with 0.2% Triton X-100. Nonspecific 

immunostaining was blocked by incubating the cells with 2% BSA in PBS. 

The cells were then incubated with TRPV4 (Rabbit polyclonal antibody, 

Alomone Labs) or rRPP2 (G20, goat polyclonal antibody, Santa Cruz 

Biotechnology) antibodies for 1 h at RT. After three washes with PBS, the 

cells were incubated with acety lated-alpha-tubul in antibody (mouse 

monoclonal antibody, abeam company) for 1 h at RT. After three washes with 

PBS, the cells were incubated for 1 h with the following pairs of secondary 

antibodies. 1) donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (1:100) 

(for TRPV4) and donkey anti-goal IgG conjugated to Alexa Fluor 546 (1:100) 
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(for TRPP2); 2) donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (1:100) 

(for TRPV4) and goat anti-mouse IgG conjugated to Alexa Fluor 535 (1:100) 

(for acetylated- alpha-tubulin antibody); 3) donkey anti-goat IgG conjugated 

to Alexa Fluor 546 (1:100) (for TRPP2) and rabbit anti-mouse IgG conjugated 

to Alexa Fluor 488 (1:100) (for acetylated- alpha-tubulin antibody). After 

washing and mounting，immunofluorescence of the cells was detected using 

FVIOOO confocal system. 

3.2.2.4 Fluorescent immunohistochcmistry. 

All animal work was done in accordance with the Guide for the Care and Use 

of Laboratory Animals published by the US National Institutes of Health (NIH 

publication No.8523). Kidneys were removed from adult C57BL mice, and the 

cortex was isolated by dissection. The kidneys were fixed in 3.7% 

paraformaldehyde in PBS overnight at 4°C，and cryosectioned at 20-|im 

thickness. The sections were washed with PBS and permeabilized with 0.2% 

Triton X-100. Nonspecific imniunostaining was blocked by incubating the 

cells with 2% BSA in PBS. The cells were then incubated with TRPP2 (G20, 

goat polyclonal antibody, Santa Cruz Biotechnology) antibodies for 1 h at RT. 

After three washes with PBS, the cells were incubated with TRPV4 antibody 

(Rabbit polyclonal antibody, Alomone Labs) for 1 h at RT. After three washes 

with PBS, the cells were incubated for I h with a mixture of secondary donkey 

anti-rabbit IgG conjugated to Alexa Fluor 488 (1:100) and donkey anti-goat 

IgG conjugated to Alexa Fluor 546 (1:100). After washing and mounting, 

immunofluorescence of the cells was detected using FVIOOO confocal system. 

3.2.2.5 Co-immunoprecipitation. 
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The whole cell lysates from Ml CCD cells or HEK293 cells over-expressing 

TRPV4 and -P2 were extracted with detergent extraction buffer, which 

contained 1% (vol/vol) Nonidet P-40, 150 mmol/L NaCl, 20 mmol/L Tris-HCl, 

pH 8.0，with addition of protease inhibitor cocktail tablets. TRPV4 or TRPP2 

proteins were immunoprecipitated by incubating 800 |ig of the extracted 

proteins with 5 |ig of anti-TRPP2 (G20, Santa Cruz biotechnology) or anti-

TRPV4 (Alomone Lab) antibody on a rocking platform overnight at 4°C. 

Protein A agarose (for TRPV4 antibody) or protein G agarose (for TRPP2 

antibody) was then added and incubated for additional 3 hours at 4°C. The 

immunoprecipitates were washed with PBS for 3 limes and then detected by 

anti-TRPV4 or anti-TRPP2 antibody in immunoblots. 

For immunoblot experiments, all samples were fractionated by 7.5% 

SDS-PAGE, transferred to PVDF membranes, and probed with the indicated 

primary antibodies at 1:200 dilution in PBST buffer containing 0.1% Tween-

20 and 5% nonfat dry milk. Immunodetection was accomplished using 

horseradish peroxidase-conjugated secondary antibody, followed by ECL 

detection system. 

3.2.2.6 Two-step co-immunoprccipitation. 

Two-step co-IP was performed according to the procedures described by 

Harada et al (2003). Briefly, the primary cultured rat MAECs or TRPV4-C1-

P2 co-expressing HEK293 cells were lysed with protein lysis buffer (1% 

Nonidet P-40, 150 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 8.0, with addition 

of protease inhibitor cocktail), sonicated, and centrifuged at 10’000g for 15 

min at 4°C. The supernatant was subjected to the first immunoprecipitation by 

incubating with 2 jig of anti-TRPCl antibody for 2 h at 4°C, followed by 
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immunoprecipitation overnight with 100 |il slurry of protein A (Amersham 

Biosciences, Piscataway, NJ) at 4°C. Immunocomplexes were washed three 

times with lysis buffer containing 150 mmol/L NaCl, and the protein 

complexes were then eluted with 350 |il of elution buffer containing 250 

mmol/L NaCl and 200 ^ig/ml TRPCl antigen peptide for 3 h at 4°C. The 

second immunoprecipitation was performed using 150 |il of the eluate from 

the first immunoprecipitation and 350 of lysis buffer containing 2 |ig of 

anti-TRPP2 antibody or preimmune IgG for 3 h at 4°C. The 

immunoprecipitates were washed and then delected by anti-TRPV4 antibody 

in immunoblots. 

Western immunoblotting was described previously 3.2.2.5. 

3.2.2.7 Chemical linking 

Chemical crosslink was performed essentially according to the procedures 

described by others (Corey et al, 1998; Corey et al, 2001; Yu et al, 2009). 

DTSSP contains an amine-reactive N-hydroxysulfosuccinimide (sulfo-NHS) 

ester that reacts with primary amines at pH 7-9 to form stable amide bonds. 

DSS is the non-sulfonated analog of DTSSP. DTSSP is membrane 

impermeable crosslinker that can be use to crosslink cell surface proteins. DSS 

is membrane-permeable. Immediately before use, DTSSP was dissolved in 

water, and DSS was dissolved in DMSO at 10-25 mmol/L. Cross-linker 

DTSSP (final concentration's mmol/L) was added to the cells and the leaction 

mixture was incubated on ice for 2 hours. The reactions were quenched by 

adding quenching buffer to final concentration of 50 mmol/L Tris-base and 

incubated at room temperature for 30 minutes. The samples were run on non-

reducing SDS-PAGE with non-reducing SDS sample buffer (4.0g sucrose, 2 
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ml H2O, 0.8g SDS, 1 mol/L Tris-HCl, pH 6.8’ with 0.001% bromophenol 

blue). 

3.2.2.8 Fluorescence Resonance Energy Transfer (FRET) detection 

CFP-tagged TRPV4-C1 concatemer and YFP-tagged TRPP2 were co-

transfected into HEK293 cells. FRET signals were detected as described 

elsewhere (Ma et al, 2010). Briefly, an inverted microscope equipped with 

three-cube FRET filters and CCD camera was used to measure FRET. Three-

cube FRET filter cubes were listed as follows (excitation; dichroic; emission): 

YFP (S500/20 nm; Q5151p; S535/30 nm); FRET (S430/25 nm; 455dclp; 

S535/30 nm); and CFP (S430/25 nm; 455dclp; S470/30 nm). Average 

background signal was subtracted. FRET ratio (FR) was calculated by the 

following equation: 

FR= Fad/FA=[SfrRET<DA)-R⑴*SA.p(DA)] / * S c f p ( D A ) J 

where Fad represents the total YFP emission with 430/25-nm excitation, and 

Fa represents the direct YFP emission with 500/20-nm excitation. In 

5 ' C U B E ( S P E C I M E N ) , CUBE indicates the filter cube (CFP, YFP, or FRET), and 

SPECIMEN indicates whether the cell is expressing donor (D, CFP), acceptor 

(A，YFP), or both ( D A ) .及 M = 5FRET(D)/5CI.-P(D), Rdi = 5YFp (D)/.9crp (D) , and 

Rai = 5FRET(A)/5YFP(A) are predetermined constants that require measurement 

of the bleed-through of the emission of only CFP- or YFP-tagged molecules 

into the FRET channel and the emission of only CFP-tagged molecules into 

the YFP channel. 
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3.2.3.1 Fluoresccnce measurement of intracellular Ca:. concentration. 

Cell preparation and Ca""̂  measurements were performed as described (Ma et 

al 2010). Cells were loaded with 10 ^mol/L Fura-2/AM and 0.02% pluronic F-

127 for 1 hour in dark at 37°C in a normal physiological solution (NPSS) 

containing in mmol/L, 140 NaCl, 1 KCl, 1 CaCh, I MgCh. 10 glucose, 

5 Hepes, pH 7.4. Flow was initiated by pumping NPSS containing 1% BSA to 

a specially-designed parallel plate flow chamber resemble the one described 

by Kanai et al (Kanai et al, 1995), in which the cells were adhered to the 

bottom. Shear stress was � 5 dyne/cm^. The fluorescent signal was measured 

using a fluorescence imaging system (Olympus). 10-20 cells were analyzed in 

each experiment. Changes in [Ca�.]; were displayed as a change in Fura-2 ratio 

(F340/F380). 

3.2.3.2 Whole cell patch clamp. 

Cells cultured on coverslips which were mounted in a special flow chamber 

(Warner Instrument Corp) (Barakat et al, 1999). Whole cell current was 

measured with an EPC-9 patch clamp amplifier as described elsewhere (Ma 

xin et al, 2010). Steady laminar flow was administered via a syringe pump 

(Cole Parmer). To make the experimental conditions consistent, we 

maintained flow rate at (2 ml/min) and also kept the distance between flow 

inlet and cells under study constant. The corresponding shear stress to which 

the cells in the Warner chamber were exposed in this system is not precisely 

known; however, assuming a linear velocity variation in the direction 

orthogonal to flow, the shear stress is estimated to be in the range of 0.5 to 1 

dyne/cm^ (Barakat et al, 1999). For most whole-cell recording, the pipette 

solution contained in mmol/L: 20 CsCl, 100 Cs'-aspartate, 1 MgC^, 4 ATP, 
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0.08 CaCb, 10 BAPTA, 10 Hepes, pH 7.2. Free Ca^' in pipette solution was 1 

nM (Votes T et al, 2002), which prevent the activation of Ca!十-sensitive CI' 

channel and allow the recording of TRPV4-relatcd channels (Votes T et al, 

2002; Kwan HY et al, 2000). Bath solution contained in mmol/L: 150 NaCl, 6 

CsCl, IMgClz, 1.5 CaCb, 10 glucose, 10 Hepes, pH 7.4. For whole-cell 

recording in the cells that were Iransfected with TRPPl and TRPP2 or TRPPl 

and TRPP2R636G,出e pipette solution contained in mmol/L: 15 CsCl, 135 Cs-

Aspartate, 10 HEPES, 10 glucose, pH 7.4 (adjusted with CsOH). The free Ca^^ 

concentration in pipette solution was fixed to 100 nM by adding 0.2 mmol/L 

EGTA and 0.12 mmol/L CaCb. The bath solution contained in mmol/L: 

140 NaCl, 2.5 CaCb, 10 HEPES，10 glucose, pH 7.4 (adjusted with NaOH). 

Cells were clamped at 0 mV. Whole cell current density (pA/pF) was recorded 

in response to successive voltage pulses of +80 mV and -80 mV for 100 ms 

duration. These whole cell current values were then plotted vs. time. The 

recordings were made before and after flow. All currents were sampled at 50 

kHz and filtered at 5 kHz, and the data were analyzed with Pulse Fit. All 

patch-clamp recordings were performed at room temperature. 

3.2.4 Statistics 

Student's t-test was used for statistical comparison, with probability p<0.05 as 

a significant difference. For comparison of multiple groups. One-way 

ANOVA with Newman-keuls was used. 
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4. Chapter 4： Heteromeric coassembly of TRPV4, 
TRPCI and TRPP2 to form a flow-sensitive channel 

4.1 Abstract 

TRP channels function as cellular sensors to perceive and respond to a variety 

of environmental stimuli including temperature, pain, pressure and fluid flow. 

These channels can be divided into seven subfamilies, including TRPV, TRPC, 

TRPP, and four others. Functional TRP channels arc tetrameric complexes 

consisting of four pore-forming subunits, which could be identical 

(homotetrameric channels) or different (heterotelrameric channels). In this 

chapter, I found that TRPV4, -CI, and -P2 associate together i6 form a 

physical complex. In function study, this TRPV4-C1-P2 complex mediates 

flow-induced Ca^^ influx in HEK293 cells over-expressing TRPV4, -CI, and -

P2 and in rat MAECs. Pore-dead mutant of each of these three TRP isoforms 

abolished or markedly reduced the flow-induced cation currents and C a � . rises, 

suggesting all three TRPs contribute to the ion permeation pore of the 

channels. Taken together, I identified the first heteromeric TRP channels 

composed of subunits from three different TRP subfamilies, namely 

heteromeric TRPV4-C1-P2 channels. Functionally, heteromeric TRPV4-C1 -

P2 are the main channels thai mediate flow-induced Câ "̂  rises in native 

vascular endothelial cells, thus plays a key role in the control of vascular tone 

and blood pressure. 
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4.2 Introduction 

TRP channels are a superfamily of cation channels that can be divided into 

seven subfamilies, which include TRPC, TRPV, TRPP, and four others. The 

channels function as cellular sensors to perceive and respond to a variety of 

environmental stimuli (Damann el al, 2008). Functional TRP channels are 

tetrameric complexes consisting of four pore-forming subunits (Hoenderop et 

al, 2003). Each subunit is thought to contain six transmembrane regions ( S l -

S6) and a re-cnlrant loop between transmembrane segments S5 and S6 that 

constitutes the ion conducting pore (Lepage et al, 2007). Four pore-forming 

subunits could be identical (homoletrameric) or different (heterotelrameric) 

(Hofmann et al, 2002; Strubing et al, 2001). Heteromeric assembly usually 

occurs between the members within the same TRP subfamily (intra-subfamily) 

(Hofmann et al, 2002). For TRPC subfamily, its seven members can be further 

divided into two subgroups, TRPC 1/4/5 as one subgroup and TRPC3/6/7 as 

於 the other. All members within one subgroup, for example TRPC3/6/C7, can 

co-assemble with each other to form a chanricl (Hofmann et al, 2002). In 

addition, TRPCl may act as a linker. When TRPCl is present, TRPC4/5 may 

heteromultimerize with TRPC3/6/7 (Slriibing et al, 2003). For TRPV 

subfamily, the predominant type of assembly is homomeric assembly, but 

hcteromeric assembly may occur between TRPV5 and -V6 (Hoenderop et al, 

2003; Hellwig ei al, 2005). 

In addition to intra-subfamily coasscmbly, cross-subfamily assembly 

of TRP subunits could also happen. Three such examples have been reported, 

including TRPCl with -P2 (Tsiokas et al, 1999; Bai et al, 2008; Zhang et a“ 

2009)，TRPV4 with -P2 (Kottgen el al, 2008; Stewart et al, 2010)，and TRPCl 

with -V4 (Ma et al, 2010). Functional studies indicate thai hcteromultimeric 

channels may display properties different from those of homomultimeric 

channels (Hofmann et al, 2002; SlrQbing et al, 2001; Kottgen et al, 2008). 
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Heteromeric coassembly greatly diversifies the structure and function of TRP 

channels, and allows TRP channels to control and/or regulate many distinct 

cellular processes. 

In the circulation system, shear stress generated from hemodynamic 

blood flow is an important physiological stimulus to induce vascular 

relaxation (Busse and Fleming, 2003). One of the key early signals in flow 

responses is flow-induced [Ca^" ]̂, rise in vascular endothelial cells. Previous 

studies from Ma et al (2010a) and others have demonstrated the involvement 

of TRPV4 (Hartmannsgruber et al 2007; Kohler et al, 2006), TRPP2 

(AbouAlaiwi et al, 2009), and heteromeric TRPV4-C1 channels (Ma et al� 

2010a) in flow-induced Ca^^ influx in vascular endothelial cells. 

Up to the present, only three TRP isoforms, i.e. TRPV4, -CI and -P2, 

have been shown to be capable of initiating cross-subfamily assembly. 

Interestingly, all three isoforms have been suggested to be involved in flow-

induced Ca2+ influx in vascular endothelial cells. In this chapter, we 

hypothesize that TRPV4，-CI and -P2 can co-assemble together to form 

heteromeric TRPV4-C1-P2 channels. We further hypothesize that the channels 

mediate flow-induced Ca^* influx in vascular endothelial cells. A variety of 

different biochemical and electrophysiological methods were used to test the 

hypotheses. 

4. 3. Experimental procedures 

Detailed experimental procedures are described in Chapter 3. 
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4.4 Results 

4.4.1 Physical Association of TRPV4，TRPCl and TRPP2. 

Two-step co-IP was used to examine the physical association of TRPV4, -CI 

and -P2 when all three were co-expresscd in HEK293 cells. A schcmatic 

diagram of two-step co-immunoprecipitation is shown in Figure 4-1. In 

experiments, TRPV4 was delected in the immunoprecipitates pulled-down by 

the anti-TRPCl followed by anti-TRPP2 antibody, but not in the control 

immunoprecipitates puHed-down by preimmunc IgG (Figure 4-2A). These 

data suggest the existence of TRPV4-(J1-P2 complex in HEK293 cells that 

were transfectcd with TRPV4, -CI and -P2. Similar study demonstrated that 

the presence of such complex in the primary cultured rat MAECs (Figure 4-

2B). All three antibodies used in the experiments were previously found to be 

highly specific to their targets by us' and others (Bai et al, 2008; Ma ei al, 

2010a; Maroto et al, 2005; Yang el al, 2006). 

Chemical cross-linking was then performed to verify the existence of 

TRPV4-C1-P2 complex in HEK293 cells that were expressed with TRPV4, 

CI and P2 (Fig 4-3A) and in the primary cultured rat MAECs (Fig 4-3B). I 

used a highly reactive, amine-specific, AMiydroxysuccinimide (NHS) ester 

DTSSP as the cross-linker (Corey et al, 1998, 2001). After extensive cross-

linking by treating the cell lysates with 5 mmol/L DTSSP for 2 hr, the main 

cross-linked product was found to have molecular mass of � 4 5 0 Kd, which 

corresponds to the predicted molccular size of tetrameric TRP channels 

(Figure 4-3). This band was recognized by cither anti-TRPCl, anti-TRPV4, or 

anli-TRPP2 antibody, suggesting the presence of tetrameric TRP complex 

containing TRPV4，TRPCl and TRPP2 (Figure 4-3). Another major band of 

� h a l f molecular size was also detected (Figure 4-3). This band likely 

represents a partial cross-linked product consisting of TRP dimers. Similar 

51 



Chapter 4 TRrV4, TRPCl and TRl'Pl form helcromenc channels 

results were obtained in experiments using DSS as another crosslinker. Note 

that the chemical cross-linking procedures as those shown in Figure 4-3 

almost always result in diffused bands on the gel because of a large number of 

heterogeneously monolinked and cross-linked intermediate products arc 

formed (Corey et al, 1998, 2001; Leitner et al�2010). Therefore, it is expccled 

that the bands on gel in Figure 4-3 would be more diffused than those of 

typical immunoblols. ^ 

Previously, Ma ct al have shown that IRPV4 and TRPCl can 

heteromerizc to form hcteromcric TRPV4-C1 channels when they are co-

exprcssed in HEK293 cells (Ma ei al�2010a and b). Here, I tagged TRPP2 and 

TRPV4-C1 concatamcrs with YFP and CFP, respectively, and detected their 

interaction by FRET. Strong FRET signal was detected in IIEK293 cells co-

expressing CFP-tagged TRPV4-C1 concatamers and YFP-lagged TRPP2 

(Figure 4-4), confirming direct interaction of TRPP2 with TRPV4-CI 

heteromers. To further explore the subunit composition of TRPV4-C 1-1)2 

channels, CFP-tagged TRPP2-V4-C1 contacamers were constructed. Co-

cxpressing CFP-lagged TRPP2-V4-C1 concatamcrs either with YFP-tagged 

TRPV4 or with YFP-taggcd TRPCl or with YFP-lagged TRPP2 all resulted in 

strong FRF 1 signals (Figure 4-4), suggesting that subunit stoichiometries of 

2V4:1C1:1P2, 1V4:2C1:1P2, and 1V4:1C1:2P2 were all possible. No FRHT 

signal' was detected in the negative control, in which the cells were co-

transfected with CFP-lagged TR1)V4 and YFP-lagged GIRK4 (Figure 4-4). 

GIRK4 is an inwardly rectifying K+ channel bearing no similarity to \ R\\ 

serving as membrane protein control. 

4.4.2 Role of overexpressed hetcromeric TRPV4-C1-P2 channels in flow-

induced cation currents in HEK293 cells. 
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I Utilized a number of mutant TRP constructs including 

TRPC 1 ^ 7 - 7 9 3， t j ^ v 4 M 6 « o d，T R P P 2 I如肌d TRPP2D55IV to study the 

involvement of specific TRP i so forms in flow responses, t r p c i AS67-793 

truncation mutation with deletion from TRPC1 pore region to its C-terminus 

(Liu et ciL 2003). 丁 R p c p u i 昨肌 j ji^^^y^MomD。抓�y point mutation at the 

pore region of TRPCl and TRPV4, respectively (Liu et ai 2003; Vocts ef al, 
I ' v e ti \/ . ' . . , 

2002). TRFP2 ‘ carries a point mutation at the third transmembrane span of 

TRPP2 (Reynolds, 1999; Ma et aL 2005). It has previously been shown that 

these constructs can producc mutated TRP subunits that are capable of co-

assembling with wild-type TRP subunits, resulting in the Ibrmalion of 

malfunctioned channels. Therefore, these mutants can serve as dominant-

negative constructs that can disrupt the function of endogenous TRP i so forms 

(Liu et al, 2003; Voets et al’ 2002; Reynolds, 1999; Ma et al, 2005). A '1RPP2 

mutant was also constructed. TRPP2R636(; can ics a point mutation 

in the pore region of TRPP2. The mulaiit disrupted the function of wild-type 

TRPP2 (Figure 4-5A, B), thus it was used as a porc-dead dominant-negative 

construct in later experiments. 

In experiments, application of flow elicited a whole-cell cation current 

in HHK293 cells co-expressing TRPV4, -CI and -1)2，but not in the cells thai 

were transfected with empty vector (Figure 4-6/1). Increased flow rate resulted 

in graded increase in currents (Figure 4-6B). Current-voltage curve displayed a 

a relatively linear relationship (Figure 4-6C). When any ope of these three 

TRPs was replaced with their mutant counterpart (for example TRPV4 

replaced with TRPV4M_d ) ,出仁 flow-induced cation current was abolished 

(Figure 4-6D). 

I also studied the tlow-incluccd cation current in cells that were 

transfected with only one TRP (TRPCl, TRPV4, or TRPP2) (Figure 4-7A-0 

or co-expressed with two TRPs (TRPV4 plus -CI, or TRPCl plus -P2, or 
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TRPV4 plus -P2) (Figure 4-7D). Among them, only three combinations, 

homomeric TRPV4, heteromeric TRPV4-P2 and hcleromeric TRPV4-C1, 

displayed a flow-induccd cation current (Figure 4-7A-D). In agreement with 

other reports (Bai e/ cil�2008; Kottgen el ctl, 2008; Ma et ciL 2010), the I-V 

relationships of channels formed by all these combinations were all relatively 

linear (Figure 4-8). 

4.4.3 Role of overexpresscd hcteromeric TRPV4-C1-P2 channels in flow-

induced influx in HEK293 cells. 

Flow initiated a fCa^'], rise in HF:K293 cells in which rRPV4, -CI and -1)2 

were co-expresscd (Figure 4-9/1)’ but not in the cells that were Iransfectcd 

with empty vector (Figure 4-9A). This [Ca"^), rise could be allribuled to Ca"^ 

influx, bccausc it was absent when cells were bathed in a Ca ^-frec solution 

(Figure 4-1 OA). Increased flow shear force resulted in graded increase in 

[Ca2+]丨 response (Figure 4-9^). When any one of these three TRPs was 
f 

rcplaccd with their mutant counterpart (tor example 1RPV4 replaced with 

TRPV4M68(’d), flow-induced [Ca^"], 

response became very small (Figure 4-

9C, D). A tiny residual fluorescence change, which could be observed in 

vector-transrected HEK293 cells as well as TRP over-expressing HHK cclls, 

might be caused by slight ccll movements during How disturbance, not an 

indication of change. This was arbitrarily labeled as “Base line" in 

Figure 4-9J). However, for the cells Iransfectcd with FRPC1 or 

T R P C (Figure 4-9D), the residual [Ca-"], responses were larger than 

that of vector-lranslected HEK cells and accounted for � 3 0 % of flow 

responses in HBK cclls that were co-exprcssed with TRPV4，-CI and -P2 

(Figure 4-9D). 
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Flow-induced [Ca"li rises were also studied in cells that were 

traiisfected with only one TRP (TRPCl, TRPV4. or TRPP2) (Figure 4-1 M, B) 

or transfecled with two TRPs (TRPV4 plus -CI, or TRPCl plus -P2, or 

TRPV4 plus -P2) (Figure 4-1IC). Similar to the electrophysiological studies, 

only three combinations, homomeric TRPV4, hetcromeric '1'RPV4-P2 and 

heleromeric TRPV4-C1, displayed flow-induced [Ca^'jj rises (Figure 4-1 \A-

C). 

4.4.4 Role of heteromeric TRPV4-C1-P2 channels in flow-induced Ca!十 

influx and cation current in rat MAECs. 

I next explored the role of hcteromeric rRPV4-Cl-P2 channels in flow 

response in native vascular endothelial cells. The expression of TRPV4, -CI, 

and -P2 proteins in rat MAECs has been reported elsewhere (Ma et £", 2010a) 

and/or demonstrated here (Figure 4 - 1 F l o w elicited a cation current in 

rat MAHCs (Figure 4-l3/1-('). This current displayed a relatively linear 

current-voltage relationship (Figure 4-135). Transfcction of TRPC1 

T R P V 4 M 6 « g i ) or each abolished the flow-stimulated cation current 

in rat MAECs (Figure 4-13C). In fluorescence [Ca~'l, measurement, these 

mutants strongly suppressed the flow-induced rises in rat MAECs 

(Figure 4-14/1, B). There was a tiny residual fluorescence change to flow in 

TRPV4M6肌i)-transfccted cells, the amplitude of which was similar to that in 

vector-transfected HEK293 cclls. Again, we attributed this to the artifacts 

caused by cell movement during flow disturbance. However, for the cells 

transacted with TRPCl 咖…释or (Figure 4-14/i. B\ the residual 

|Ca2+ji responses were larger than that of vector-transfected HEK293 cells and 

accounted for � 2 2 % of How responses in native rat MAECs (Figure 4-14/i). 

As controls, transfcction of pore mutants did not affect the [Ca"]; responses to 
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ATP (Figure 4-15A). As another control, How responses were not 

altered by disruption of functional TRPC5, which is not involved in flow 

response (Figure 4-15B). This rise could be attributed mainly to Ca^^ 

influx, because there arc only half size of rise in about 10% MAECs 

when cells were bathed in a Ca^.-free solution (Figure 4-10). 

Note thai flow-induced cation currents and [Ca^'l, rises in i ^ ^ A E C s 

were transient (Figure 4-14/1), which was different from that of TRPV4-C1-P2 

co-expressing HEK293 cells (Figure 4-9A). The transient nature of this 

response has been discussed elsewhere and could be attributed to nitric oxide-

cGMP-protein kinase G-medialed inhibition of TRPCl-containing channels 

(Yao et al’ 2000’ Ma el al, 2010a). HEK293 cells lack the components of 

nitric oxide-cGMP-protein kinase G signal cascades, and thus do not exhibit 

such an inhibition. The inhibitory effect of cGMP-protein kinase G on 

hetcromeric TRPV4-C1-P2 channels was further verified. In HEK293 cells 

stably expressing protein kinase G la, flow-induced Ca"^ influx through 

TRPV4-C1-P2 channels was found to be inhibited by 8-Br-cGMP, the effect 

of which was reversed by KT5823 (Figure 4-\5A. B). Similar to our previous 

finding in other types of endothelial cells (Yao at al, 2000)，flow-induced 

[Ca^^li rise in rat MAECs was also confirmed to be sensitive to 8-Br-cGMP 

inhibition, the effect of which was reversed by KT5823 (Figure 4-15C, /))• 

Importantly, treatment of ral MAECs with ICT5823 (1 uM) increased the 

magnitude and markedly slowed down the falling phase of flow-induced 

[Ca2+]i transient (Figure \5E). These data support that NO-cGMP-protein 

kinase G inhibition on heteromeric TRPV4-C1 -P2 channels contributes lo the 

transient nature of flow [Câ +J丨 response in native endothelial cells. 

It is documented that flow could activate CI* channels (Barakat et al, 

1999) and channels (Olesen et al, 1988) in vascular endothelial cells and 

HEK cells co-expressed with TRPV4, CI and P2. The activity of these 
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channels is expected to alter the membrane potentials, which could then affect 

Ca2+ influx. In the present study, treatment of rat MAECs with 40 

niflumic acid or 5 mM Cs+ did not have significant cffect on now-induced 

Ca2+ rise in these cells (Figure 4-16)，suggesting that these channels did not 

significantly contribute to flow-induced Ca^^ responses. 

4.4.5 Co-expression of TRPV4, -CI, and -P2 in the cilia of primary 

cultured rat MAECs 

Cilia are structure that is suggested to play a key role in flow sensation (Nauli 

et a夏，2003, Kottgen et al, 2008). The present immunostaining results show 

that TRPV4, TRPCl, and TRPP2 were co-expressed in the cilia of rat MAECs 

(Figure 4-17). 

4.5 Discussion 

The major findings of this chapter are as follows: 1) Two-step co-IP, chemical 

cross-linking and FRET detection demonstrated the presence of TRPV4-C1-

P2 hcteromers in HRK293 cclls that were co-expressed with TRPV4, -CI and 

-P2 and in primary cultured rat MAECs. 2) Fluorescent Ca^^ measurement and 

whole-cell patch clamp detected the flow-induced Ca^^ influx and cation 

currents in these triple TRP co-expressing HEK293 cells. Pore-dead mutants 

of each of these three TRPs (for instance, pore-dead mutant of TRPC1), when 

co-expressed with two other wild-type TRPs (for instance, TRPV4 and 

TRPP2), markedly reduced or even abolished the flow-induced rises 

and whole-cell cation currents. 3) In rat MAECs, flow-induced [Câ *"], rises 

and cation currents were also strongly suppressed by these pore-dead TRP 

mutants. Taken together, my results identified the first TRP channels that are 
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composed of subunits from three different TRP subfamilies. Furthermore, 1 

demonstrate that TRPV4-C1-P2 is the main channels that mediate flow-

induced Ca2+ influx and cation currents in native endothelial cells. The 

existence of such type of heteromeric channels crossing three different TRP 

subfamilies greatly increases the numeric numbers of different heteromeric 

TRP channels thai could possibly be assembled, making the structure and 

function of TRP channels even more diversified. It is expectcd that such kind 

of heteromeric channels can be activated by diverse stimuli/agonists, thus 

allows diverse signals to converge on this TRP complex to initiate distinct 

cellular responses. 

Heteromeric assembly usually occurs between the members within the 

same TRP subfamily such as TRPCl with -C5, TRPV5 with -V6, and TRPM6 

with -M7 (Hoenderop et al, 2003; Lepage et al, 2007; Striibing et al, 2001). 

However, several examples of cross-subfamily heteromerization have also 

been reported. These include TRPCl with -P2 (Tsiokas et al, 1999; Bai et al� 

2008), TRPV4 with -P2 (Kotlgen et al, 2008) and TRPV4 with -CI (Ma et al� 

2010a). Functionally, TRPV4-P2 channels have been shown to be activated by 
冒 

hypotonic stress and temperature (Kottgen et al, 2008); TRPV4-C1 channels 

are activated by flow shear force (Ma et al, 2010a), and TRPP2-C1 channels 

are activated by G-protein-coupled receptor agonists (Bai et al, 2008). In the 

present study, the results from three independent methods including two-step 

co-IP, chemical cross-linkage and FRET all demonstrated the existence of 

physical association between TRPV4, -CI, and -P2 in TRP-overexpressing 

HEK293 cells and native endothelial cells. DTSSP was used in the chemical 

cross-linking experiments. DTSSP is a membrane impermeant cross-linker, 

which can crosslink adjacent protein subunits expressed on the ccll surface 

(Corey et al, 1998; Corey et al, 2001). The positive results from DTSSP cross-

linking experiments suggest that TRPV4, -CI, and -P2 form physical complex 
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in the plasma membrane. Among the above three methods, FRET is the most 

sensitive and reliable method for monitoring the subunit assembly of channel 

proteins (Ma et al, 2010a; Zheng et al, 2002). FRET reports the proximity of 

two fluorophores. Distances closer than 10 nm between appropriate 

fluorophores are required to elicit FRET (Hofmann et al, 2002). Previously, I 

showed that TRPV4 and -CI heteromerize to form heteromeric TRPV4-C1 

channels (Ma et al, 2010a). In this chapter, I have detected a strong FRET 

signal between CFP-tagged TRPV4-C1 concalamcrs and YFP-lagged TRPP2 

when they were co-expressed in MEK293 cclls. These data provided 

compelling evidence for the direct physical association of TRPP2 and 1RPV4-

C1 heteromeric channels, namely a formation of a TRPV4-C1 -P2 complex. 

There is intense interest in searching for the molecular identity of the 

channels that mediate flow-induced Câ "̂  influx. In vascular endothelial cells, 

it is known that flow-induced Ca^^ rise stimulates the release of vasodilators, 

such as nitric oxide, prostacyclin and endothelium-derived hypcrpolarizing 

factors (Harlmannsgruber et al, 2007; Liu et al, 2006), which then act on the 

underlying smooth muscle cells to cause vascular relaxation. Several candidate 

channels have been proposed to mediate flow-induced Ca^^ influx in vascular 

endothelial cells. These include TRPV4 (liartmannsgruber et al, 2007; Kohler 

et al’ 2006), TRPP2 (AbouAlaiwi et al, 2009) and TRPV4-C1 heteromeric 

channels {Ma et al, 2010a). However, all these published data could be 

alternatively explained by involvement of TRPV4-C1-P2 complex in the flow 

response, because these previous studies were based on pharmacological 

agents and/or siRNAs that .target TRPV4 and/or TRPCI and/or TRPP2. 

However, it is certain that these pharmacological agents and/or siRNAs would 

also target heteromeric TRPV4-C1-P2 channels. Therefore, it is possible that 

heteromeric TRPV4-C1-P2 channels, rather than individual TRPV4 or TRPP2 

channels, may play a more important role in native endothelial cells. In 
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experiments, I found the pore-dead mutant for each of these three TRPs 

(TRPC l画… - po re， ' rRpv4M680D^ qf abolished the flow-induced 

cation currents in HEK293 overexpression system and rat MAECS. They also 

abolished or suppressed (>70%) flow-induced rises in these cells. Two 

other dominant-negative mutants of TRPs, and T R P C 1̂ 567-793， 

similar inhibitory effects. These data strongly suggest that, in both the 

HEK293 overexpression system and native endothelial cells, the predominant 

flow-sensitive Ca^^ influx channels require all three TRPs, i.e. TRPV4, -CI 

and -P2. Furthermore, al l \hree TRP isoforms, TRPV4，TRPCl and TRPP2, 

contribute to the permeation pore of the channels, namely a heterotetxameric 

TRPV4-C1-P2 channel. This finding represents the first identified heteromeric 

TRP channels across three different TRP subfamilies. Previously, TRPV4 

(Hartmannsgruber et al, 2007; Kohlcr et al�2006), rRPP2 (AbouAlaiwi el a/, 

2009) and heteromeric TRPV4-C1 channels (Ma et al�2010) have been 

individually suggested to be involved in flow responses in vascular endothelial 

cells. Our scheme unifies all existing hypotheses into a common one in which 

we suggest that heteromeric TRPV4-C1-P2 channels arc the predominant 

flow-sensitive Ca^^ influx channels in vascular endothelial cells. 

When TRPV4, -CI, -P2 are all expressed in a single cell, beside 

heteromeric TRPV4-C1-P2, other types of homomeric and heteromeric 

assembly may also occur. Some of these assembly types, such as homomeric 

TRPV4, heteromeric TRPV4-C1 and heteromeric TRPV4-P2, are known to be 

sensitive to flow (Ma et al, 2010; Hartmannsgruber et al, 2007; Kdhler et al’ 

2006; AbouAlaiwi et al, 2009; also Figure 4- 7 and Figure 4- 11). The 

question is whether these other assembly types could also contribute to the 

flow responses in native endothelial cclls. In this chapter, I observed that 

flow-induced cation currents were abolished by mutants that disrupt the 

function of each of these three TRPs ( t r p c 广 ⑴ ‘ 卜 j r p v 4 M 6 8 o d 
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丁RPP2R636G, yj^pp2D55iv 丁Rpc 1A567-793) 丁ĵ is fits the profile of 

heteromeric TRPV4-C1 -P2 channels, but not any other assembly types, 

suggesting that the contribution of other assembly types may be very small. 

However, in fluorescence C a � . measurement, there was still some residual 

Ca2+ response to flow (-20%) after cells were treated with TRPC 

TRPC1A567-793 and These residual Ca^' responses could be due to 

the contribution of other TRP assembly types towards Câ "̂  influx or 

intracellular Ca release. To break it down, for cells transfected with 

TRPCimuit卜pore or ^Rpd^567-793^ rcsiduul Câ "̂  response could be due to 

TRPC1 -independent components such as homomeric TRPV4 and/or 

heteromeric TRPV4-P2. For cells transfected with the residual 

component could be TRPP2-independent components such as homomeric 

TRPV4 and/or heteromeric TRPV4-C1. In cells transfected with T R P C r " " -

poa>+丁RPP2R636G, could be homomeric TRPV4. Therefore, it is clear that the 

present results could not exclude the contribution of other TRP assembly types 

in flow-induced Ca^^ influx. However, it is also clear that the contribution 

from other TRP assembly types, even if they existed, were relatively small and 

accountcd for <30% of the total Ca^^ responses to flow. Therefore, 1 can 

conclude that the predominant flow-sensitive Ca^^ influx channels are 

heteromeric TRPV4-C1-P2 channels. Interestingly, my data also suggest that, 

in cells where TRPV4，-CI and -P2 are all expressed, assembly of TRP 

subunits is not random. Certain types of assembly may be strongly favored 

whereas other types of assembly are less significant. 

Cilia is structure that is suggested to play a key. role in flow sensation 

(Nauli ei a!, 2003; Kottgen et a/，2008), Vascular endothelial cells also contain 

cilia, and furthermore, TRPPl and TRPP2 were found to be localized in the 

cilia (Nauli et al, 2008, AbouAlaiwi et al，2009). Reports also documented the 

localization of TRPV4 and TRPCl in the cilia of other epithelial cell types 
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including renal epithelial cells and reproductive tract epithelial cells (Kottgen 

et al, 2008; Teilmann ef al, 2005; Nauli et al, 2003, Bai et al, 2008), although 

no data are available for their expression in the cilia of vascular endothelial 

cells. In the present study, we found the expression of TRPV4, -CI , -P2 and -

PI in the cilia of rat MAECs. These data agree with the notion that 

localization of TRPV4, -PI and -P2 are important for their function in flow 

response. 

In conclusion, the data from this chapter uncovered the first 

heteromeric TRP channels that arc composed of subunils from three different 

subfamilies，being heteromeric TRPV4 

channel is the main entity that mediates 

currents in vascular endothelial cells. 

•C1-P2 channels, 

flow-induced Ca^ 

Functionally, this 

influx and cation 
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Figure 4- 1 Physical interaction of TRPV4, -CI and -P2. 

Schematic figure showing the procedure of two-step co-immunoprecipitation 
to generate Fig. 4-2 A, B. 
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A HEK-V4-C1-P2 

IP: Pre- Anti-Cl 
immu Anti-P2 

KDa “ 缀 缴 
148 • “ • 

B MAECs 

IP: Pre- Am卜CI 
immu Anti-P2 

KDa 
148 -

98 _ 

IB:Anti-V4 

Figure 4- 2. Two step co-IP of TRPV4-C1-P2. 

The first iinmunopricipitation was performed using anti-TRPC 1 antibody, 

followed by elution with TRPCI antigen peptide. The second 

immunprecipitation was performed with anli-TRPP2 antibody or with 

preimmune IgG as control. The precipitates were immunoblotted with anti-

TRPV4 antibody A, B, Representative gel pictures of two step co-

immunoprecipitation in HEK293 cells co-expressing TRPV4, CI and -P2 

(HHK-V4-C1-P2) (A) and the primary cultured rat MAECs (B) IP, 

immunoprecipitation; IB, immunoblot; Anti-Cl: anti-TRPC 1 antibody; Anti-

V4: anti-TRPV4 antibody, Anti-P2: anti-TRPP2 antibody. 
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A 
HEK-V4-C1-P2 

KDa 

500 ^ 

250 

Blot: Anti-Cl -V4 -P2 

B 

KDa 
500-

250 

MAECs 

w m 

Blot:Anti-Cl -V4 -P2 

Figure 4- 3. Chemical cross-linking of TRPV4，-CI and -P2. 

Representative immunoblots of HEK293 cells that were co-expressed with 

TRPV4, -CI, -P2 (Left panel) and primary culturcd rat MAECs (Right panel) 

after membrane proteins were cross-linked by 5 mM DTSSP. Lane 1-3 in C 

left panel and right panel, immunoblotted with anti-TRPV4, anti-TRPC 1 and 

anti-TRPP2, respectively. 
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V4-CI-CFP+P2-YFP 

V4-CFP+GIRK-YFP 

CFP-YFP 

-k-k 

M M 

Fret Ratio 

Figure 4- 4. FRET detection. 

Horizontal axes indicate FRET ratio of living cells expressing the indicated 

constructs. When I he FRET ratio is 1, there is no FRET: when the FRRT ratio 

is greater than 1, there is FRET. Data are given as mean i SH. GIRK4, G-

protein-aclivated inwardly rectifying K' channels. ** P<0 01 r.v. negative 

controls 
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150 
V(mV) 

Vector PI+1)2 M • 1)2 

Figure 4- 5. Effcct of pore iniitaiK TRPPl'̂ ^̂ '̂ '̂ on wliole-ccll current in 

HEK293 cells. 

HEK293 cells were either transfected with TRPPl HRPP2 (labeled as PH P2) 

or with TRPFH (labeled as H + F>2'"，，(,(、•）or with empty vector 

(labeled as Vector), A. I- V curves. B. Summary data ofwholc-cell currents at 

：士80 mV. Data arc given as the mean 士 SE (n = 6-8) * P<0 05�,.�• Vcctor,办 

P<0 05 v.v. PI+1)2 
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Figure 4- 6. Flow-induced wliolc-cell current in HEK293 cells that were 

co-expressed with TRPV4，-CI and -P2. 

A,B . Representative time course of now-stiimilated whole-cell current at i 80 

mV in Ht:K293 cclls co-cxprcssing TRPV4, -CI and -1)2 C. I-V curve for 

cells in A before and alter How. D. Summary dala of maximal amplitude of 

flow-induced whole-cell cation currents increase at 180 niV. In D, control 

cells were co-expressed with TRPV4, -CI and -P2 (labeled as V4 )CI i P2) In 

others, TRPV4 was replaced with T R P V 4 M _ i ) (labeled as V4训则)H、I U)2)， 

or TRPCl was replaced with T R P C 1 o r T R P C ( l a b e l e d as 

V4+CI""'—�re_^p2 or V4+CT�5(,7-7•”+1)2); or 1KPP2 was replaced with 

rRlM)2i�6遍 or TRPP2"-'"' (labeled as V4+C1 t or V4+CH 

The solid bar on top of the traces indicates the pcriocf when laminar flow was 

applied. Data are given as the mean 士 SE (n = 5-7). **/' 0.01 r�, before flow 

inCorv .vV4+CnP2, inD 
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Figure 4- 7. Flow-induced whole-cell current change in HEK293 celis that 

were individually expressed with TRPV4, -CI or -1*2, or co-expressed 

with two TRPs. 

A. Representative time course of flow-stimulated whole-cell current at +80 

niV in rRPV4-expressing cells. B. I-V curve of 'l'RPV4-cxpressing cells 

before and after flow. C. Summary data of maximal amplitude of flow-

induced whole-cell cation currents increase at i80 mV in cells that were 

individually expressed with TKPV4, TRPC1 or TIIPP2. D Summary data of 

maximal amplitude of flow-induced whole-cell cation currents increase at 土80 

niV in cells thai were co-expressed with two TRPs The solid bar on top of the 

traces indicates the period when laminar How was applied Data are given as 

the mean ± SR (n = 5-8). **/，0.01 v.v. Vector 
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A HEK-V4-P2 B HEK-V4-C1 

resting 

-e- Hmv 

-150 150-150 
V ( m V ) 

c HEK-P2-C1 

• resting 

** -O- Iknv 
resting 

-e-丨 Imv 150 

150-150 
V ( m V ) 

-150 

150 
V ( m V ) 

Figure 4- 8. Flow-induced whole-cell current change in HEK293 cells co-

expressed with any two of TRPV4, -CI or -P2. 

A, B, C l-V curve of 1TEK cells co-expressed with any two of TRPV4,-C 1 

and -P2 in before and after flow Data are given as the mean ± SE (n - 5-8) 

**/ ) '0 0l v.y. Resting 
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Figure 4- 9. Flow-induced changc in IIEK293 cells that were co-

expressed with TRPV4, -CI and -P2. 

A, B, C. Representative time course of flow-induccd [Ca^'], increase D, 

Summary showing the maximal amplitude of flow-induced increase. 

Control cells were co-expressed with TRPV4, -CI and -P2 (labeled as 

V4+CHP2). In others, TRPV4 was replaced with TRPV��請’"(labeled as 

p2); or TRPCl was replaced with TRPCl'"""''^"'' or TRPCl "̂̂ ''-

下�3 (labeled as V 4 + C 1 P 2 or P2); or TRPP2 was 

replaced with or (labeled as or 

V4+C1+ P2…"�)；or empty vector-transfected (labeled as vector).入II cells 

were bathed in NPSS containing 1% BSA. Solid bar on top of the traces 

indicates the time period when laminar flow was applied. Data are given as the 

mean 士 SE (n=5-9 experiments, 10 to 20 cells per experiment). **/)<O.CH v.v 

vector (Vec). ## /)<0.01 v.v V4+C1 + P2. 
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150 
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1 5 0 

100 

MAI-Cs 

Figure 4- 10. Flow-indiiccd JCa^ l̂i change in HEK cells coexpressed with 

TRPV4, -CI and -P2 and primary cultured rat MAECs. 

A, B. Summary showing the maximal amplitude of flow-

increase. Cells were bathed in NPSS containing 1% BSA or 

containing 1% BSA. Data are given as the mean士SE (n=6-8 

to 20 cells per experiment). **/)�0.01 vs. Ctl. 

induced [Ca 

in 0 Ca^' OPSS 

experiments, 10 
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Figure 4-11. Flow-induced change in HEK293 cells that were 

individually expressed with TRPV4, TRPCl, or TRPP2，or co-expressed 

with two I RPs. 

A. Representative traces showing flow-induced [Ca^ ], change in HEK293 

cells thai were individually expressed with TRPV4, TRPCl, or TRPP2 B and 

C. Summary showing the maximal amplitude of flow-induced increase. 

B Cells were individually expressed with TRPV4, TRPCl, or TRPP2 C. 

Cells were co-expressed with two TRPs. All cells were bathed in NPSS 

containing 1% BSA. The solid bar on top of the traces indicates the period 

when laminar flow was applied. Data are given as the mean 土 SE (n = 7-9 

experiments, 10 to 20 cells per experiment). **P< 0.01 vs. Vector. 
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A B 
HEK HEK 

K�)a _c 丨 MAECs [Da -V4 MAHCs 
148 —：;: … ：藥感 

[%.”.::..• ：鴻fê i：浴、 
98 

c 
KDa 
148 • 

98 

lIEK 
-P2 MAFCs 

Figure 4- 12. Expression of TRPV4, -C! and -P2 in the primary ciiltiircd 

rat MAECs. 

Shown are representative immunoblots. The whole cell lysates from HEK293 

cells (left lane) and the primary cultured MAECs (right lane) were 

immunoblotted with antibodies against »TRPC1 

(C). HEK293 cells that were transfected with 

TRPP2 (C) were used as positive controls, n = 3 

(A), TRPV4 (B) and TRPP2 

TRPCi (A)’ TRPV4 (B) and 

for each experiment 
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Flow 
MAECs( Vector) 

Time (Seconds) 

150 
V(mV) 

C jinulli-porc 
Vector V4M6则）C|mu丨“-P""=p2Kft?(,(; 

Figure 4- 13. Flow-induced whole-cell current in the primary cultured rat 

MAECs. 

A. Representative time course of flow-stimulated whole-cell current at 上80 

mV in rat MAECs. B. I-V curves of rat MAECs before and after flow. C 

Summary data of maximal amplitude of flow-induced whole-cell cation 

currents increase at 士80 mV. In C, cells were transfcctcd with empty vector 

(labeled as vector), T R P C 1 ( l a b e l e d as (�1 謂 " , -卩 ' - > ) ,则） 

(labeled as V4训肌))，or (labeled as P2'�(’3(’(’. The solid bar on top 

of the traces indicates the period when laminar flow was applied. Data are 

given as the mean ± SR (n = 6-8). * * / ) � 0 01 v.v before flow in B or r.v Vector 

inC. 
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Figure 4- 14. Flow-induced |Ca change in the primary cultured rat 

MAECs. 

A. Representative traces illustrating the course of flow-induced ], change 

B. Summary showing the maximal amplitude of flow-induced [Ca^ 'J, increase. 

Cells were transfected with empty vector (labeled as Vector), TRPCl'""'""'^''' 

(labeled as CI'""""'""''"), TRr>V4M_" (labeled as V4‘饥，则))， 

(labeled as or T R P C l T R P P 2 ' ' ' ' ' ' ' (labeled as (T”山卜 

P«re+p2RM6(i) AH cells werc bathed in NPSS containing 1% BSA. The solid 

bar on top of the traccs indicates the period when laminar flow was applied 

Data are given as the mean 土 SE (n = 8-10 experiments, 10 to 20 cells per 

experiment). 0.01 v.v control (Vector). 
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Figure 4". 15. Flow or ATP-induccd change in the primary cultured 

rat MAECs. 

A, Summary showing the maximal amplitude of ATP-induced [Ca^'], increase, 

expressed as the maximal A[Ca^ ]i to ATP (lOfiinol/L) B. Summary showing 

the maximal amplitude of flow-induced [Ca^ ], increase, expressed as the 

maximal A(Ca^ ]i to flow. All cells were bathed in NPSS containing 1% BSA. 

Cells were transfcctcd with empty vector (labeled as Vector)，TRPC 

(labeled as a'融—。'•"、)，TRPV4'\，_" (labeled as V4训動)�TRI>I)2^^(’遍 

as TRPC5 dominant negative (labeled as C5-DN) Data arc 

the mean+SE (n=6-8 experiments, 10 to 20 cclls 

(labeled 

given as per cxpcrimc?it) 

77 

A

 (
l
)
d
l
v
2

 一
厂
K
u
l
 一
I
!
X
B
1
V
 

B
 (
I
v
u
)

 I
c

 2

 尸
、
：
>
1
 



PHEK-TRPV4-C1-P2 

MAliCs 

* * 

丁 

78 

1 and T1<J*P2 form hcleromenc channels 

Flow 
Pin-:K.1KFV4-Cl-P2 

3 5 0 

Time (S) 

Flow 
MAi:Cs 

-Br-cGMP 

2 5 0 

ime (S) 

F low 
MALiCs 

…* Cll 
K r5823 

V 

！00 4 0 0 6 0 0 

Time (S) 

議 

M
 M

 o
 

1
 

-
厂

 B。
一
V

 i
x
w
K
 

B 
M
 M

 M

 M

 o
 

2
 

1

1
 

{
K
u
)

 l
u

 s
 -
厂
K
;
)
l
v
 

200 

60 

D 
o
^
c
w
 ？
c
c

 2
 

A
 (
s
o
)

 s
e
c

 s
 

c 

(
i
\
u
>
 .
U
<
>
u

 s

 
一
 

0 

00 

00 

100 

0 

E 

(
K
c
)

 i
c
o
l
!
厂
、
〕
J
 

m
 

m
 



Chapter 4 TRPV4, TRPC！ ami 'I RPJ'2Jorni hcicronicric channels 

Figure 4- 16 Flow-induced ICa^li change in PHEK cells coexpressed with 

TRPV4，-CI and -P2 and primary cultured rat MAECs, 

A, C, E. Representative traces illustrating the time course of tlow-indiiccd 

[Ca^'], change B, D. Summary showing the maximal amplitude of flow-

induced increase. In A and B, HEK293 cells were stably trans feet ed 

with PKGI'i gene, labeled as PHEK; C and Ir", primary MARCs. All cells 

were bathed in NPSS containing 1% BSA. The solid bar on top ot the traces 

indicates the period when laminar flow was applied. 8-Br-cGMP (2 nimol/L) 

or /and KT5823(1 ^mol/L) were introduced 10 minutes before flow Data are 

given as the mean i SR (n=6-8 experiments, 10 to 20 cclls per experiment) 

0 1 
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lUiK-V4-Cl- l>2 

C ^ / 

C 'hapler 4 TRPV4. TRPCI and TRPTJ form hcd'romehc channels 

Figure 4- 17. Flow-induced change in the primary cultured rat 

IVlAECs and HEK cells coexpressed with TRPV4, -CI and -P2. 

A, B Summary showing the maximal amplitude of flow-induced [Ca^^], 

increase, expressed as the maximal A[Ca^']i to flow A, HEK cells 

coexpressed with TRPV4-C1-F2, B, the primary cultured rat MAECs. All 

cells were bathed in NPSS containing 1% BSA. CsCI (5 mmol/L) and 

Nifluniic acid (40 |.imol/L) were introduced 10 minutes before flow. Data are 

given as the mean土SE (n二6-8 experiments, 10 to 20 cells per experiment). 
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Figure 4- 18. TRPV4, 

TRPC丨 and TRPP2 

localize in primary 

cilia of primary 

cultured rat IMAECs. 

TRPV4 (A and 13), 

rKI>C:i (C and D), 

TRPP2 (F. and !•) and 

acelylate(i-al|)ha-

tubulin (A’ - I ' ) 

colocalize in the 

primary ciliiim ( A ' ' -

卜，’；丨ncrgc) A, (，，b:. 

con focal /. sections 

sliow that the primary 

ciliimi emerges from 

the apical membrane 

B, D, F,' CO II focal 

images were acquired 

at the level of the 

apical membrane. 

Acetylated-
alpha-tubulin 

Acetylated-
alpha-tubulin 

Merge 
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5. Chapter 5： Protein kinase G-sensitive TRPV4-
TRPP2 channel complex mediates flow-induced C a � . 

influx in Ml CCD cell 

5.1 Abstract 

Several transient receptor potential (TRP) channels arc sensitive to various 

forms of mechanical stress including'fluid flow. Previously, it is known that 

TRPV4 and TRPP2 arc expressed in renal epithelia, where they participate in 

the mechanosensory function of cilia and mediate Ca^^ entry in renal epithelia. 

In this chapter, co-IP experiments and double immunostaining experiments 

suggest .that TRPV4 and TRPP2 physically interact with each other to form a 

heteromeric channel in Ml cortical collecting duct (CCD) cells and in 

I1EK293 cells over-expressing TRPV4 and TRPP2. In HEK293 cells 

expressing TRPV4 alone, flow induced transient fCa^li rises and whole-cell 

currents. However, 丁RPP2 co-expression with TRPV4 markedly prolonged 
/ 

the [Ca2+]i transients and whole-cell currents in response to flow. Activation of 

PKG by 8-Br-cGMP inhibited the flow-induced rises and whole-cell 

currents in HEK293 cells co-expressing TRPV4 and TRPP2. The inhibitory 

effect of cGMP was abolished by PKG inhibitor KT5823. Furthermore, point 
f 

mutations at two consensus PKG phosphorylation sites on TRPP2 markedly 

reduced the inhibitory effect of cGMP. In Ml CCD cells, flow-induced 

calcium influx was also inhibited by 8-Br-cGMP, the effect of which was 

reversed by KT5823. The cGMP inhibition was absent in Ml CCD cells 

pretreated with fusion peptides + TAT-TRPP2'^ '^ which 

compete with endogenous PKG- phosphorylation sites on TRPP2. In 
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Protein kinase G-sensitive TRJ*V4-TRPP2 channel complex 

conclusion, in this chapter I demonstrated that TRPV4 physically associated 
* * 

with TRPP2 in Ml CCD cells and HEK293 cells over-expression system. This 

association prolongs the flow-induced Ca^^ influx and enables this influx to be 

negatively regulated by PKG in Ml CCD cells and HEK293 cells over-

expressing TRPV4 and -P2. 

5.2 Introduction 

The renal CCD is a flow-sensitive tissue where flow induces calcium influx 

and generates flow-sensitive calcium signaling in native collecting duct cells 

(Liu et al, 2003; Morimoto et al, 2006; Woda et al, 2002). Shear stress-

induced by fluid flow provide the key signals that regulate glomerulotubular 

and ion transport in proximal tubule and distal nephron including CCD.' 

Evidence from immunolocation showed the expression of TRPV4 at the cell 

membrane of M-1 cells arid at the luminal membrane of mouse kidney CCD 

(Ling ct al, 2007; Suzuki et al, 2003). Functionally, endogenous TRPV4 has 

been suggested to be a sensor for fluid flow in Ml CCD cells (Ling et al, 

2007). It was found that，in mouse kidney Ml CCD cells and TRPV4-

expressing HEK293 cells, hypotonicity- and flow-induced calcium influx 

could be largely abolished by using TRPV4-specific siRNA or a TRPV 

blocker ruthenium red (Caterina and Julius, 2001; Cebrian et al, 2004; Chen et 

al, 2001). 

TRPP2, also named polycystin-2, PKD2, is another member of the 

transient receptor potential (TRP) family of ion channels that are expressed in 

both cilia and the plasma membrane of renal cpithelia. TRPP2 is also 

suggested to participate in the mechanosensory function of cilia and mediates 
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Ca2+ signaling in renal epithelia (Ying et al, 2003; Nauli et al, 2003). One 

hypothesis suggested that TRPP2 may assemble with the PKDl gene product 

polycystin-1, a large integral membrane [Drotein with distant homology to TRP » 

channelSj to form a reccptor-ion channel complex (Hanaoka ct al, 2000; 

Kottgen, 2007). Evidence also suggests that TRPP2 could interact with two 

other members of TRP family, TRPCl or TRPV4 (Bai el al, 2008; Kobori et al, 

2009; Zhang et al, 2009; Kottgen et al, 2007; Stewart et al, 2010), contributing 

to other biological functions such as thermosensalion. 

In this chapter, I studied the physical and functional interaction of 

TRPV4 with TRPP2 in Ml CCD cells and HEK293 cell overexpression 

system. I also explored the regulation of TRPV4-P2 channels by protein 

kinase G (PKG). 

5.3. Experimental Procedures 

Detailed experimental procedures are described in Chapter 3, 

5.4. Result 

5.4.1 Physical association of TRPV4 with TRPP2 in heterologously 

expressed HEK293 cells and Ml CCD cells 

It has been reported that TRPV4 and TRPP2 proteins form multimeric protein 

complex giving rise to biophysically and functionally discernible channel 

entities (Stewart et al, 2010; Kottgen et al, 2008). Thus we examined possible 

heleromerization between TRPV4 and TRPP2 in Ml CCD cells using co-IP 

and double immunostaining. Two antibodies for co-IP, anti-TRPV4 and anti-

TRPP2, were previously reported to be highly specific (Yang et al, 2006, Bai 
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el al, 2008). In co-IP experiments, the anti-TRPP2 antibody could pull down 

TRPV4 in the protein lysates freshly prepared from Ml CCD cells and 

HEK293 cells co-expressing TRPV4 and P2 (Figure 5-1 A, B left panel). 

Furthermore, an anti-TRPV4 antibody could reciprocally pull down TRPP2 

(Figure 5-1 A, B right panel). In control experiments, in which 

immunoprecipitation was performed with the IgG purified from preimmune 

serum, no band was observed (Figure 5-1A and B). These data indicate that 

TRPV4 physically associates with TRPP2 in Ml CCD cells and HEK293 cells 

co-expressing TRPV4 and TRPP2. 

The selective interaction between TRPV4 and TRPP2 was verified by 

double immunostaining. Staining for TRPV4 and TRPP2 was observed in 

fixed Ml CCD cells, C57BL mouse kidney cross section, and fixed HEK293 

cells co-expressing TRPV4 and P2 (Figure 5-1. C-E). Overlaying TRPV4 

signal (green) with TRPP2 (red) showed clear co-localization (yellow) of 

TRPV4 and TRPP2 (Figure 5-1. C-E). Our studies also showed that TRPV4 

and TRPP2 were co-localized in the cilia of Ml CCD cells (Figure 5-2. A-C) 

and HEK293 cells co-expressing TRPV4 and TRPP2 (Figure 5-2 D-F). 

5.4.2 TRPP2 alters the kinetics of flow-induced [Ca^+h transient and 

whoie-cell current in HEK293 Cells 

Consistent with another report (Wu et al. 2007, Ma et al, 2010), fluid flow 

induced a [Câ "̂ ]； transient in HEK293 cells expressing TRPV4 (Figure 5-3 A). 

Co-expression of TRPP2 with TRPV4 markedly prolonged the flow-induced 

[Ca2+]i transient (Figure 5-3A). In fact, no apparent decay in was 

observed within the duration of experiments of approximately 10 minutes 

(Figure 5-3A). In whole-cell patch clamp, flow also activated transient 

currents (Figure 5-4C). TRPP2 co-expression also markedly slowed down the 
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decay phase of this current transient (Figure 5-4C). In controls, both ttow-

induccd transient and whole-cell current transient were absent in wild-

type HEK293 cells and those expressing TRPP2 (Figure 5- 3A,B and 4C，D). 

When any one of these two TRPs was replaced with their mutant counterpart 

(for example TRPV4 replaced with TRPV4M6则))’ flow-induced [Ca^'], 

response became very small (Figure 3 B). A tiny residual fluorescence change, 

which could be observed in vectry-transfected HEK293 cells as well as 

HEK293 cclls over-expressing TRPP2, might be caused by slight cell 

movements during flow disturbance, not an indication of [Ca^^J, change. 

5.4.3. PKG modulation of flow-induced rise in HEK cells co-

expressing TRPV4 and TRPP2 

Because the expression level of PKGl proteins in wild-type HEK293 cells 

was low as determined by immunoblots, we first established a stably PKGla-

transfectcd HEK293 cell line and named it PKG-HEK293 (PHEK) cells. 

PI IEK cells expressed a much higher level of PKGl a compared with that of 

wild-type HEK293 cells (Kwan et al, 2004). TRPV4 or TRPV4 plus TRPP2 

genes were then transiently transfected into PHEK cells. In PHEK cells 

expressing TRPV4, pretreatment with a PKG activator, 8-Br-cGMP (2 

mmol/L), had no effect on the flow-induced increase (Figure 5- 5A, B). 

However, in cells co-expressing TRPV4 and TRPP2, 8-Br-cGMP markedly 

reduced the magnitude of the flow-induced [Ca�十]丨 increase (Fig, 5C, D). 

KT5823 (l|imol/L), a potent and highly specific PKG inhibitor, abolished the 

inhibitory action of 8-Br-cGMP (Figure 5- 5C,D). Furthermore, we utilized 

mutant TRPP2 constructs TRPPS ' ^ ' a，丁 j^p2S827A 如 d xrpp2T719a-s827a^ 

which have mutation at PKG phosphorylation sites Thr-719 or/and Ser-827. 

In cells co-expressed with TRPV4 and mutant TRPP2 that were mutated at 
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putative PKG phosphorylation sites or the 

inhibitory action of 8-Br-cGMP was reduced if TRPP2 was replaced with 

T R P P 2 丁 o r TRPP2S827A，and the effect was abolished if TRPP2 was 

replaced with trPP21"^i9a-s827a (pig^^.^ 5^). These data suggest that PKG does 

not act on TRPV4 itself. Instead, it inhibits the function of TRPV4-P2 complex 

by phosphorylating on serine 827 and threonine 719 of TRPP2. 

5.4.4 Role of heteromeric TRPV4-P2 channels in flow-induced Ca^^ influx 

in Ml CCD cells 

The expression of TRPV4 and TRPP2 in mouse Ml CCD cells have been 

reported elsewhere (Ling et al, 2007; Ying et al, 2003; Nauli et al, 2003), we 

also demonstrated the same here (Figure 5-1 and 2). In functional studies, we 

found that the expression of channel-dead mutants of TRPV4 and TRPP2 

markedly reduced the flow-induced transient in Ml CCD cells (Figure 

5- 6A, B), supporting the key role of TRPV4 and TRPP2 in the flow response. 

5.4.5 PKG modulation of rise induced by flow in Ml CCD cells. 

We next explored the role of PKG in flow response in Ml CCD cells. In Ml 

CCD cells, flow-induced Câ "̂  influx was also inhibited by 8-Br-cGMP, the 

effect of which was reversed by KT5823 (2 |iM) (Figure 5- 7A). We 

synthesized two fusion peptides by fusing PKG phosphorylation sites on 

TRPP2 to the membrane translocation signals from HIV-1 tat protein (TAT-

TRPC1S827，TAT-TRPP2"^i9) (Schwarze et al, 1999). This allows efficient and 
CQ'J'J 

abundant intracellular delivery of exogenous PKG substrate (TRPP2 and 
I Q 

TRPP2 ) and thus suppresses the PKG phosphorylation on endogenous 

TRPP2 channels. The results show that treatment of Ml CCD cells with TAT-
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丁RPP2S827 + TAT-TRPP21719 markedly reduced the 8-Br-cGMP inhibition on 

flow-induced�Ca^+li rises (Figure 5-7B.). Taken together, these data strongly 

suggest that cGMP and PKG act on TRPP2 to inhibit TRPV4-P2 channel 

complex, thereby suppressing flow-induccd rises. 

5.5 Discussion 

The major findings of this chapter are as follows: ( I ) Co-IP experiments and 

double immunostaining show that TRPV4 and TRPP2 physically interact with 

each other to form a heteronieric channel in the Ml CCD cells and HEK293 

cells over-expressing TRPV4 and -P2. (2) Co-expression of TRPP2 with 

TRPV4 markedly slowed down the decay phase of flow-induced [Ca�十], 

transient and whole-cell currents. (3) Activation of PKG by cGMP inhibited 

the flow-induccd calcium influx and whole-ccll currents in HEK293 co-

expressing TRPV4 and TRPP2. The inhibitory effect of 8-Br-cGMP was 

abolished by a PKG inhibitor K.T5823. (4) Analysis of the primary amino acid 

sequence of TRPP2 revealed Iwo potential phosphorylation sites for PKG 

(T719A and S827Q). Point mutations at these two consensus PKG 

phosphorylation sites of TRPP2 markedly reduced the inhibitory effect of 

cGMP. (5) In Ml CCD cells, flow-induced calcium influx was also inhibited 

by 8-Br-cGMP, the effect of which was reversed by KT5823. The cGMP 

inhibition was absent in Ml CCD cells that were pretreated with flision 

peptides + TAT-TRPP2T7I9’ which compete with endogenous 

PKG phosphorylation sites on TRPP2. Taken together, my data suggest thai 

TRPV4 and TRPP2 form heteromeric channels to mediate flow-induced Ca^^ 

influx in renal CCD cells，and that cGMP and PKG inhibited this Ca^^ influx 

via their action on TRPP2 subunit. 
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Previously, K6ttgen el al (2008) have showed that TRPP2 and TRPV4 

may interact to form a thermoscnsitive molecular sensor in the primary cilium 

of MDCK cells. Stewart ct al (2010) used Atomic Force Microscopy to study 

the structure of the interaction of TRPP2 and TRPV4, and suggested a 

TRPP2:TRPV4 subunil stoichiometry of 2:2. The results from this chapter 

confirmed that TRPV4 and TRPP2 physically associated with each other to 

form a TRPV4-P2 channel complex. In HEIC293 cells co-expressing TRPV4 

and -P2 and in Ml CCD cells, I found that the antibody against TRPV4 could 

pull down TRPP2, and vise versa. Double immunostaining also found the 

colocalization of TRPV4 and TRPP2 in the primary cilia and plasma 

membrane of these cells. In the previous chaptcr, I have found that TRPV4 

and TRPP2 can coasscmble with TRPCl to form hetcromeric TRPV4-C1-P2 

channels. However, TRPCl only expressed in proximal lubule and thin 

descending, but not connecting lubule and CCD (Goel et al, 2006), Therefore, 

in Ml CCD cells, it is TRPV4-P2 not TRPV4-C1-P2 that mediates the flow 

response. 

In Ml CCD cells and the HEK293 cclls expressing TRPV4, flow-

induced [Ca2+]| rises were transient. In contrast, the flow-induced rises 

in HEK293 cells expressing TRPV4 and -P2 displayed sustained time course. 

I attribute this transient nature of flow-induced rises in Ml CCD cells 

to the cGMP-PKG inhibition on heleromeric TRPV4-P2 channels. HEK293 

cells lack the components of nitric�oxide-cGMP-protein kinase G signal 

cascades, and thus do not exhibit such an inhibition. In experiments, I fotind 

thai flow-induced rises could be inhibited by cGMP and PKG in Ml 

CCD cells. Furthermore, PKG inhibition on TRPV4-P2 was demonstrated in 

HEK293 cells that were stably overexpressed with protein kinase G (PHEK 

cells). The targeting site of cGMP and PKG was on TRPP2 subunit, because 

the cGMP inhibition was absent in PHEK293 cells that were transfected with 
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TRPV4 alone. Point mutation at two putative PKG phosphorylation sites on 

TRPP2 abolished the PKG inhibition on TRPV4-P2 complex. Furthermore, 

cGMP inhibition was absent in Ml CCD cells that were pretreated with TAT-

丁 rPP2‘s827+ tat_topp2T7I9’ which competc with endogenous PKG 

phosphorylation sites on TRPP2. These data strongly suggest that NO-cGMP-

PKG acts on the TRPP2 subunit in TRPV4-P2 channel complex to inhibit the 

flow-induced [Ca�十]丨 rises in renal CCD epithelial cells. The negative 

regulation by PKG in flow-induced Ca^^ response of TRPV4-P2 complex has 

important significance for cell function. A prolonged Ca^^ influx would allow 

cells to producc more NO, enhancing dilation of renal tubule, renal epithelial 

ion transport (Liu ct al, 2006; Kanai, 1995; Liu et al, 2003; Woda et al, 2002; 

Satlin et al, 2001; Taniguchi el al, 2007). However, excessive fCa^^], and NO 

could lead to apoptosis and cell death (Choy et al, 2001). To protect from this, 

cells possess a negative feedback mechanism，, in which How-induced 

influx is inhibited by via the Ca' ' -NO-cGMP-PKG pathway (Yao et al, 

2000). In renal system, mechanical forces due to fluid flow and hydrodynamic 

pressure provide the key signals that regulate glomerulotubular balance in the 

proximal tubule (PT) and ion transport in the distal nephron including CCD. 

An increase in flow rate in the CCD micro-dissected in vitro produced a 20% 

increase in diameter and a threefold increase of in principal and 

intercalated cells. In distal nephron segments, including the distal convoluted 

tubule, CNT and CCD, K"* secretion is dependent in flow (Malnic G et al, 

-1989). In CCD，flow induced calcium influx-mediated by TRPV4 channel 

results in the activation of the maxi-K^ channel and leads to the secretion of 

K+ into the luminal fluid (Taniguchi ct al, 2006). We believe that TRPV4-P2 

channel complex may play a key role in modulating glomerulotubular balance 

and ion transport in kidney. 
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In conclusion, in this chapter I demonstrated thai TRPV4 physically 

associated with TRPP2 in Ml CCD cells and HEK293 cells over-expression 

system. This association prolongs the flovv-induccd influx and enables 

this influx to be negatively regulated by PKG in Ml CCD cells. 
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Figure 5- 1 Physical interaction ofTRPV4 and TRPP2. 

A, B. Co-IP. The pulling antibody and the blotting antibody were indicated. 

Control immiinoprecipitation was performed using the preimmune IgG 
氣 

(labeled as preimmune). anti-P2 indicates anti-TRPP2; anti-V4, anti-TRPV4, 

IB, immunoblot; and IP, immiinoprecipitation n=3 experiments C, D, R 

double immunostainning. TRPV4 (C-E) and TRPP2 (C'-E') colocalize in the 

primary cilium (C’，-E”). C”’-E”，，is white view. 
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Figure 5t 2. TRPV4 and TRPP2 localize in the primary cilia of MI CCD 

cells and HEK 293 cells co-expressing TRPV4 and -P2. 

TRPP2 (A and R) or TRPV4 (B and D) and aqetylated-alpha-tubulin (A，-B’ 

and D'-E') colocalizc in the primary cilium oF Ml CCD cells and HEK293 

cells co-expressing TRPV4 and -P2 (A”-B” and D”-E”； merge). TRPV4 (C 

or F) or TRPP2 ( C and F，）colocalize in the primary cilium of MI CCD cells 

and HEK293 cells co-expressed with TRPV4-P2 ( C and F，，： merge). 

Confocal images represent stacks of z-scrics images that show the primary 

dlium emerging from the apical membrane. 
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Figure 5- 3, Flow-induced |Ca change in HEK293 cells expressing 

individual TRPV4，-P2 or co-expressing both isoforms. 

A. Representative traces illustrating the time course of flow-induced [Ca^ ], 

change. B. Summary showing the maximal amplitude of flow-induced [Ca^'Jj 

increase. All cells were bathed in NPSS containing 1% BSA. The solid bar on 

top of the traces indicates the period when laminar flow was applied Data are 

given as the mean士SE (n=6 to 8 experiments, 8 to 20 cells per experiment) 

Ceils were transfected with empty vector (labeled as Vector), TRPP2 (labeled 

as P2); TRPV4 (labeled as V4); or TRPV4+TRPP2 (labeled as V4+P2); 

TRPV4训则VTRPP2 (labeled as TRPV4+TRPP2"""' (labeled 

as V4+P2i)5i丨V). **P<0.01 vs Vector 
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ChapfLT 5 ProlL'in kinase (i-scnsnivc TRPl'4-7'Rl'r2 channcl complex 

Figure 5- 4. Flow-induced change of whole-cell currents in HEK293 cells 

expressing different constructs. 

A, D. I-V curves of TRPV4-expressing, or TRPV4 and TRPP2-coexpressing 

HRK293 cells before and after flow. C, E Representative time course of flow-

stimulated whole-cell currents at 土80 mV in HEK293 cells expressing TRPV4, 

or co-expressing TRPV4 plus -P2 D, F, Summary data of whole-cell currents 

before and after flow at 土80 mV. In E, F, HBK293 cclls were stably 

transfected with PKG1 o gene, labeled as PHHK cells All cells were bathed in 

NPSS containing 1% BSA. The solid bar on top of the traces indicates the 

period when laminar flow was applied 8-Br-cGMP (2 minol/L) with or 

without KT5823 (1 fiinoI/L) was introduced 10 minutes before flow. Data arc 

given as the mean土SE (n=6-8) Cells were transfcctcd with empty vector 

(labeled as Vector), TRPP2 (labeled as P2); TKPV4 (labeled as V4), or 

TRPV4+TRPP2 (labeled as V4+P2) **P<0,0I. 
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('hapter 5 Protein kinase (i-sensifivc TRPV4-TRPr2 channel complex 

Figure 5-5. Flow-induced (Ca^ ĵi change in PHEK cells expressing 

individual TRPV4, TRPP2, or co-expressing both TRP isoforms. 

A, C Representative traces illustrating the time course of flow-induced (Ca^' ji 

change. B, D，E. Summary showing the maximal amplitude of flow-induced 

increase. H.EK293 cells were stably transfected with PKGI o gene, 

labeled as PHEK293 cclls. All cclls were bathed in NPSS containing 1% BSA. 

The solid bar on top of the traces indicates the period when laminar flow was 

applied 8-Br-cGMP (2 mmol/L) with or without KT5823 (1 ^mol/L) was 

introduced 10 minutes before flow. Data arc given as the mean土SE (n二6 to 8 

experiments, 8 to 20 cells per experiment). V4, indicates TRPV4; P2 indicates 

TRPP2; P2S827A and P 2 � � � \ point mutants of TRPP2. **P<0 01 compared to 

vector in B, to 8-Br-cGMP in D, and to V4+P2 with 8-Br-cGMP in E, ## 

P<0.01 compared to V4+P2 without 8-Br-cGMP. 
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Chapter 5 Protein kinase Ci-scnsilivc TRP\'4-TRrP2 channel complex 

Figure 5- 6. Flow-induced change in Ml CCD cells. 

A Representative traces illustrating the time course of flow-induced [Ca^']i 

change. B. Summary showing the maximal amplitude of flow-induced [Ca^']i 

increase. Cells were transfected with empty vector (labeled as Vector), 

TRPV4N丨(’_ (labeled as V4M6则))， 

are given as the mean 土 SE (n 

experiment). * P< 0.01 vs Vector. 

or (labeled as P2 
1)51 IV、 

Data 

8-10 experiments, 10 to 20 cells per 
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Figure 5- 7. PKG regulates flow-induced |Ca changc in Ml CCD cells. 

Summary showing the maximal amplitude of flow-induced increase. 

All cells were bathed in NPSS containing 1% BSA. 8-Br-cGMP (2 mmol/L) 

with or without KT5823 (1 ^imol/L) or TAT - P 2 「7 I 9a and/or were 

introduced 10 minutes before flow. Data are given as the mean士SE (n二6 to 8 

experiments, 8 to 20 cells per experiment). **P<0.01 
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6. Chapter 6: General discussion and future 
direction 

6.1 Major novel findings 

6. 1.1 TRPV4-C1-P2 channels 

It is well documented that functional TRP channels are composed of four TRP 

subunits. These four subunits could be identical (homomeric) or different 

(hcteromeric) (Hofmann et al, 2002, Striibing ct al, 2001). Heteromeric 

assembly usually occurs between the members within the same TRP subfamily 

(intra-subfamily) (Hofmann et al, 2002). Cross-subfamily assembly has only 

been reported between TRPV4 and -CI, TRPP2 and TRPCl，and TRPP2 and 

TRPV4 (Kobori, et al, 2009; Zhang, et al, 2009; Bai et al, 2008; Tsiokas et al, 

1999; Stewart al, 2010; Kottgen et al, 2008). Through three years of study, I 

was able to identify the first TRP channels that are composed of subunits 

across three different TRP subfamilies, i.e. TRPV4-TRPC1-TRPP2 channels 

Furthermore, I demonstrated that TRPV4-C1 -P2 is the main channel that 

mediates flow-induced Ca ’ influx and cation currents in native endothelial 

cells. 

The main evidence was as follows: 

a) I used three independent methods, which include two-step co-IP, chemical 

cross-linking and double immunostaining, to determine the physical 

interaction of three different TRP isoforms, TRPV4, -CI and -P2. The results 

support that these three TRPs .can physically associated with each other to 

form a complex. Such a complex was found in HEK293 cells co-expressing 

TRPV4, -CI and -P2 and also in the primary cultured rat MAECs. 
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b) I used whole-cell patch clamp and fluorcsccnt measurement of cytosolic 

Ca^' to study the functional role of TRPV4-C1-P2 complcx The results 

showed that TRPV4-C1-P2 complex mediates flow-induced cation current and 

Ca^^ influx in IIEK293 cells co-expressing these three TRP isoforms and also 

in the primary cultured rat MAECs 

I believe that my findings introduce a new concept that a fiinctional TRP 

channel can be formed from subunits across three different subfamilies I 

expect that such kind of heteromeric channels crossing three different TRP 

subfamilies can be activated by more diverse stimuli/agonists, thus allows 

diverse signals to converge on this TRP complex to initiate distinct cellular 

responses. 

6. 1.2 TRPV4-P2 channels 

In human body, vascular endothelial cells and renal tubular epithelial cells arc 

two main types of cclls that are exposed to fluid flow. Therefore, I also 

explored flow-sensitive TRP channels in renal cortical collecting duct M1 cell. 

I found that the main flow-responsive TRP channels in renal CCD Ml cells 

are TEIPV4-P2 channels but not TRPV4-C1-P2 channels. This is mostly due to 

the fact that TRPCl is not expressed in this segment of renal tubule. The main 

methods I used for this part of study are similar to those I used above. 

The main evidence was as follows: 

a) I used co-IP and double immunostaining to determine possible physical 

association of TRPV4 and TRPP2. 1 found the presence of TRPV4-P2 
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complex in HEK293 cells co-cxpressing TKPV4 and TRPP2, and also in renal 

CCD Ml cells. 

b) I used fluorescent measurement of cytosolic Ca�丨 to study the functional 

role of TRPV4-C1-P2 complex. The results showed that TRPV4-CI-P2 

complex mediates flow-induced cation current and Ca^' influx in HEK293 

cells co-expressing these three TRP isoforms and also in M1 CCD cells. 

c) I found that cGMP through its action on PKG-mediated phosphorylation on 

TRPP2 can inhibit rKPV4-P2 complex Therefore, I identified two real PKG 

phosphorylation sites on TRPP2 proteins 

I believe that this part of the findings not only identifies the molecular identity 

of channels that mediate flow-induced Ca^' influx in renal cortical collecting 

duct cells, but also uncovers a novel PKG-mediated regulation mechanism for 

Ca^' influx, which is important for ion rcabsorption/secretion in cortical 

collecting duct cells. 
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6.2 General Scheme 

Based on the chapter 4 and 5, 1 conclude that TRPV4, -CI and -P2 arc capable 

of co-asscmbling to form heteromeric TRPV4-C 1-1)2 channels The fourth 

subunit could be any of TRPV4, -CI, or -P2. In vascular endothelial cells, this 

heteroincric TRPV4-C1-P2 channels mediate flow-induced Ca^' influx. 1 

propose a schematic model for signal transduction following flow stimulation 

in figure 6-1. In this scheme, the channel is activated by flow stimulation. 

Subsequent Ca^* entry activates nitric oxide synthase (NOS) to produce nitric 

oxide (NO), which elevates intracellular cGMP. As a feedback regulation, the 

elevaled intracellular cGMP inhibits the Ca^' entry through its action on 

TRPCl or/and TRPP2. In Ml CCD cells, because of lack of TRPCl 

expression, it is heteromeric TRPV4-P2 rather than TRPV4-C1-P2 that 

mediates flow-induced Ca^' influx. 

Shear stress 

Endothelium 

Figure 6-1. IVIoclel for signal transduction following flow stimulation. 
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6.3. Limitation and Future research direction 

6.3.1 Subunit composition of flow-sensing TRP channels 

In my study, I employed multiple independent including two-step co-IP, 

chemical cross-1 inking, and FRET detection to reveal physical interaction of 

TRPV4, -CI and -P2. FRET results also suggested that the fourth subunit of 

this tetrameric channel can be any of those three TRPs, namely TRPV4, - C l , -

or P2. There are some limitaions to immunoprecipitation and chemical cross-

linking Co-immunoprccipitation uses cell lysis as starting materials, the 

possibility of unspecific bindings could happen. Also immunoprecipitation 

does not provide quantitative data regarding the affinity or stoichioinetry ot an 

interaction. Some nonspecific chemical cross-linking could also happen, 

which may generate false positive signals. Among the three methods that were 

used to determine subunit assembly, FRET is most reliable. FRET data could 

provide most convincing evidence of subunit assembly. However, at the 

moment, FRET experiments were only carried out in the over-expressing 

HEK293 cells. In the future study, I will expend the FRET experiments in 

native vascular endothelial cells and renal epithelial cells. These experiments 

would give more convincing evidence on the subunit composition of flow-

sensing TRP channels in native endothelial cells and renal epithelial cells 

6.3.2 Basic electrophysiological and pharmacological properties of 

heteromeric TRPV4-C1-P2 channels 

Although I have used multiple biochemical, electrophysiological and 

mutagenesis methods to identify a new TRP channel, namely heteromeric 

TRPV4-C1 -P2 channels. The detailed electrophysiological properties of the 

channels are not yet to be characterized. It is well documented that 
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heteromultimeric channels usually display properties thai are distinct from 

those of homomeric channels. So we expect that TRPV4-C1-P2 would have 

electrophysiological properties different from those of homomeric TRPV4, 

TRPC1 or TRPP2 In future, I plan to examine the following properties of the 

channels: 

a) Pharmacological profile of the ncwly-idcntiried TRPV4-CI-P2 channel 

It is expcctcd that heteromeric TRPV4-CI-P2 channels should have their own 

characteristic pharmacological profile different from those of homomeric 

channels. In future study, 1 can use whole-cell patch clamp and Ca^' 

measurement study to establish pharmacological properties of this channel 

Several potential channel agonists/stimuli/antagonists will be used to modulate 

the channels These include traditional TRPV4 agonist, 4a-PDD, EET, 

hypotonic stress, well-known TRPP2 agonists/antagonists citric acid, 

amiloride, TRPCl inhibitor T1E3, etc I will determine if these 

compounds/stimuli can affect the current amplitude and I-V relationship of 

this TRPV4-C1-P2 channel. These results would help to establish basic 
» 

pharmacological properties of this newly-identified TRPV4-C1-P2 channel. 

b) Single channel chamctcristics of heteromeric TRPV4-C1-P2 channd 

I have already recorded the whole-cell current of heteromeric TRPV4-C1-P2, 

and found the 1-V relationship of channels, being a relatively linear one. 

However, the single channel property of this channel is still unknown. In the 

future studies, I will examine the properties of these heteromeric TRPV4-CI-

P2 channels, at single channel level. I can use channel-specific 
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agoniste/antagonists generated from step a) above to modulate 1 RPV4-C1-P2 

channels at single channel level, to obtain single channel slope conductance, 

and to determine which agonists/antagonists could afTect the channel open 

probability (Po) The study could be performed in HEK293 cells over-

expressing TRPV4-C1-P1 and also in native vascular endothelial cells. 

c) Mono- and divalent cation permeability of TRPV4-CI-P2 heteronieric 

channel 

An important property of ion channel is relative permeability/selectivity to 

different ions. In future, I plan to determine the relative permeability of 

TRPV4-CI-P2 and TRPP2-V4 channels to Na•，Kb\ K\ Li' and CV' based 

on reverse potential measurement. The methods have been well established 

and have been successfully used to character another TRP channels by my 

！ a b m a t e (Ma ct al, 2010). Briefly, after full activation of the current with 4a-

考 ， 

PDD, extracellular solutions will be switched to the ones that contain different 

permeant cation species, for example from K'-containing to Cs'-containing 

bath solution. The relative permeability will be then calculated from the shifts 

in the reversal potential. 

6.3.3 Other TRP assembly types in diflerent tissues/organs 

Our study identified the first TRP complex composed of member from three 

different subunrts. But, it is also clear TRPV4-C1-P2 is not the only type of 

TRP assembly. In the renal epithelial ce l l s�I have shown that the main flow-

sensing TRP complex are TRPV4-P2 channels but not TRPV4-CI-P2 
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complex, presumably because the renal CCD epithelial cells do not express 

TRPCl. 

Vascular trees are very complicated. Human vascular systems contain large-

sized, medium-sized and small sized arteries. There are also tremendous 

heterogeneity of vascular systems in different vascular beds. Although my 

present study demonstrated TRPV4-CI -P2 channels as the main entity 

mediating flow-induced Ca^' influx in small mesenteric arteries, it is unclear 

whether the same is true in other arteries and veins Therefore, next I plan to 

perform similar studies to find out whether our scheme (TRPV4-C1-P2 

channel) is universal for different-sized vessels and in different vascular bed, 

or whether other TRP assembly type exists in different vessels 

Similarly, renal tubules contain many segments including proximal 

tubule, loop of Henle, convoluted tubules, cortical collecting duct and 

medullary collecting duct. My studies have only demonstrated the role of 

TRPV4-P2 channels in flow sensation in cortical collecting duct In future, 1 

plan to extend my study to determine whether TRPV4-P2 have similar 

functional role in other renal tubule segments or other TRP assembly play 

more important role in other renal tubular segments. 

Furthermore, different tissues may have different TRP assembly 

pattern. In future, I will also explore other TRP assembly types in different # 

tissues/organs. 

6.3.4, Involvement of TRPV4-P2 and TRPV4-C1-P2 in renal, vascular 

and bone diseases 
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TRPV4-P2 and TRPV4-C1-P2 channels are main entities that mediate flow-

induced Ca^' influx in renal epithelial cells and vascular endothelial cells, 

respectively. It is well documented that mutation of TRPP2 results in 

polycystic kidney diseases, while mutation of TRPV4 is associated with 

neurogenerative disease Charcot-Marie-Tooth disease type 2C and skeletal 

disease spondylometaphyscal dysplasia. In the future, I will explore I he 

possible role ofTRPV4-P2, TKPV4-C1-P2 in these diseases Because TRPV4, 

TRPP2 and TRPCI are closely associated with each other, they may form 

functional complex. Mutation of any three genes could have similar 

consequences In fiiture, I will try to obtain some blood samples from patients 

with these diseases, then screen if mutations of TRPV4 and TRPCI are also 

associated with polycystic kidney diseases, and to screen mutation of TRPP2 

and TRPCI could also result in neurogenerative diseases Charcot-Marie-Tooth 

disease type 2C and skeletal disease spondylometaphyseal dysplasia. 
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