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AbStrACt
The protein phosphatase 2A (PP2A) family of heterotrimeric serine-threonine phospha-

tases participates in human cell transformation. Each functional PP2A complex contains 
one structural A subunit (Aa or Ab), and mutations of both are found to occur at low 
frequency in human tumors. We have shown that Aa functions as haploinsufficient tumor 
suppressor gene by regulating in part phosphatidylinositol 3-kinase (PI3K) signaling. In 
contrast, loss of Ab function due to biallelic alterations contributes to cancer progres-
sion through dysregulation of small GTPase RalA activity. These observations provide 
evidence that dysfunction of particular PP2A complexes regulate specific phosphorylation 
event necessary for cancer initiation.

Reversible	phosphorylation	plays	a	key	role	in	the	regulation	of	signaling	pathways	rele-
vant	to	cell	transformation.	Dysregulation	of	several	kinase	oncogenes	have	been	shown	
to	be	required	for	cancer	development,	and	several	targeted	therapies	focused	on	inhib-
iting	particular	kinases	have	now	been	approved	for	clinical	use.	Although	it	is	clear	that	
phosphorylation	 is	 also	 regulated	by	phosphatases,	 initial	biochemical	 studies	 suggested	
that	unlike	kinases,	phosphatases	act	promiscuously	and	constitutively	in	vitro.	However,	
recent	work	indicates	that	phosphatases	play	essential	roles	in	malignant	transformation	
by	acting	on	specific	substrates	in	vivo.

Protein	phosphatase	2A	(PP2A)	is	a	family	of	serine-threonine	phosphatases	implicated	
in	the	control	of	a	diverse	array	of	cellular	processes.	The	PP2A	core	enzyme	consists	of	
a	catalytic	C	subunit	and	a	structural	A	subunit.	In	mammals,	two	distinct	genes	encode	
closely	 related	 versions	 of	 both	 the	 PP2A	 A	 and	 C	 subunits.	The	 AC	 dimer	 recruits	 a	
third	regulatory	B	subunit	that	has	been	predicted	to	dictate	the	substrate	specificity	and	
function	of	the	PP2A	heterotrimeric	complex.	Four	unrelated	families	of	B	subunits	have	
identified	to	date:	B/B55/PR55/PPP2R2,	B'/B56/PR61/PPP2R5,	B"/PR72/PPP2R3	and	
Striatin1	 (Fig.	 1).	 Recent	 genetic	 and	 proteomic	 studies	 implicate	 clear	 roles	 for	 PP2A	
subunits	in	regulating	physiological	functions	and	one	emerging	view	is	that	specific	PP2A	
complexes	play	critical	roles	in	cell	transformation	by	regulating	particular	substrates.

Somatic	alterations	of	 the	PP2A	structural	 subunit	Ab	 (PPP2R1B)	have	been	 found	
to	occur	in	colon,	lung	and	breast	cancers.2-5	Notably,	point	mutations	in	one	Ab	allele	
are	 commonly	 accompanied	 by	 loss	 of	 the	 second	 Ab	 allele.	 We	 confirmed	 previous	
work6	 that	 showed	 cancer-associated	Ab	mutants	 form	 functionally	null	 alleles.7	These	
studies	indicate	that	Ab	is	genetically	inactivated	in	a	subset	of	human	cancers.	In	addi-
tion,	we	 found	 that	 suppression	of	Ab	was	 found	 to	cooperate	with	H-Ras,	 telomerase	
catalytic	 subunit	 hTERT	 and	 the	 SV40	 Large	 T	 antigen	 to	 induce	 transformation	 of	
normal	human	cells	while	introduction	of	wild	type	Ab	into	lung	carcinoma	cells	lacking	
functional	Ab	partially	reverses	this	tumorigenic	phenotype.7	Together,	these	data	provide	
evidence	that	PP2A	Ab	functions	as	a	tumor	suppressor	gene.

Previous	work	has	shown	cancer	derived	Ab	mutants	exhibit	markedly	impaired	ability	
to	 form	complexes	with	 the	catalytic	C	subunit	and	 the	 regulatory	PR72	subunit.6	We	
have	 found	 that	 Ab	 mutants	 also	 showed	 decreased	 ability	 to	 bind	 to	 regulatory	 Ba	
subunit	and	several	members	of	B'	family.	These	data	indicate	that	cancer-associated	alter-
ations	of	PP2A	Ab	result	in	disruption	of	most	if	not	all	PP2A	Ab-containing	complexes.	
Considering	 that	 distinct	 Ab-B	 complexes	 are	 likely	 regulate	 the	 phosphorylation	 of	
particular	substrates	involved	in	transformation,	further	work	is	required	to	identify	which	
B	subunits	participate	in	malignant	transformation.
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Somatic	 mutations	 of	 the	 more	 abundant	 PP2A	 structural	 Aa	
subunit	have	also	been	reported	in	human	cancers,	although	at	low	
frequency.2,8	 We	 previously	 showed	 that	 cancer-associated	 PP2A	
Aa	mutations	 contribute	 to	 cell	 transformation	by	 creating	 a	 state	
of	haploinsufficiency.9	Although	these	two	distinct	PP2A	structural	
isoforms,	Aa	 and	Ab,	 are	86%	 identical,10	 it	was	unclear	whether	
these	 two	 isoforms	 share	 overlapping	 functions.11	 We	 found	 that	
overexpression	 of	 Aa	 failed	 to	 revert	 the	 tumorigenic	 phenotype	
induced	 by	 Ab	 suppression,	 suggesting	 that	 PP2A	 complexes	
containing	Aa	or	Ab	are	functionally	distinct.

To	 identify	 substrates	 specific	 for	 PP2A	 Ab,	 we	 performed	
large	 scale	 immunopurification	 of	 PP2A	 Aa-	 and	 Ab-containing	
complexes.	 We	 have	 found	 that	 PP2A	 Ab	 complex,	 but	 not	 the	
PP2A	 Aa	 complex,	 binds	 to	 and	 inhibits	 activity	 of	 the	 small	
GTPase	RalA	 through	direct	dephosphorylation	 at	Ser183	and	Ser	
194.	 Cancer-associated	 Ab	 mutants	 are	 unable	 to	 dephosphorylate	
RalA,	 suggesting	 that	 loss	 of	 Ab	 function	 impairs	 the	 formation	
of	 complexes	 with	 RalA	 and	 deregulates	 its	 activity.	 Consistent	
with	previous	 reports	 that	 implicated	RalA	 in	 regulation	of	 several	
signaling	pathways	relevant	to	cell	transformation,12-14	loss	of	func-
tion	 experiments	 revealed	 that	 RalA	 is	 crucial	 for	 transformation	
mediated	 by	 Ab	 dysfunction.	These	 findings	 strongly	 suggest	 that	
accumulation	of	phospho-RalA	in	PP2A	Ab	deficient	cells	promotes	
tumorigenic	 phenotype	 (Fig.	 1).	 However,	 we	 cannot	 exclude	 that	
other	substrates	of	PP2A	Ab	complexes	also	contribute	to	cell	trans-
formation.

These	 observations	 also	 implicate	 phosphorylation	 of	 RalA	 as	
an	 alternative	 mechanism	 that	 may	 regulate	 RalA	 activity	 and	 cell	
transformation.	Prior	work	has	shown	Aurora	A	kinase	as	one	kinase	
that	can	induce	RalA	phosphorylation	at	Ser	194.15	However,	further	

studies	are	required	to	identify	the	kinase(s)	that	are	responsible	for	
RalA	phosphorylation	at	Ser	183	and	Ser	194.

While	Ab	loss-of-function	permits	the	accumulation	of	activated	
RalA,	Aa	haploinsufficiency	seems	to	induce	human	cell	transforma-
tion	by	activating	AKT/PI3K	signaling	pathway9	(Fig.	1).	However,	
it	remains	unclear	whether	PP2A	A	subunits	determine	the	substrate	
specificity	 of	 heterotrimeric	 complexes	 by	 direct	 substrate	 binding,	
or	by	forming	complex	with	particular	set	of	B	and	C	subunits.	In	
consonance	with	the	 latter	 idea,	Aa	and	Ab	have	been	reported	to	
have	different	affinity	 to	Ca,	Ba,	B’a1	and	PR72	subunits.17	The	
systematic	characterization	of	PP2A	complex	composition	necessary	
for	 RalA	 dephosphorylation	 and	 Akt	 activation	 and	 further	 struc-
tural	studies	to	resolve	PP2A	in	complex	with	specific	substrates	will	
help	elucidate	the	mechanistic	details	of	how	PP2A	acts	as	a	tumor	
suppressor.
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Figure 1. Disruption of PP2A complexes induces transformation. PP2A is a 
heterotrimeric protein complex, and several isoforms exist for each of the 
three subunits, creating a diverse family of related enzymes that regulate 
specific physiological functions. Alterations of PP2A structural subunits, 
Aa and Ab, contribute to spontaneously arising human cancers by distinct 
mechanisms. Cancer-associated Aa haploinsufficiency may induce human 
cell transformation by activating PI3K/AKT pathway while PP2A Ab loss-of-
function permits the accumulation of activated RalA.


