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ABSTRACT	OF	THE	DISSERTATION	
	

miR-128	Directly	Represses	L1	Retrotransposition,			
Cellular	Targets	in	L1	Retrotransposition	and	HIV-1	Replication	

	
By	
	

Adam	Kekoa	Yuk	Wo	Idica	
	

Doctor	of	Philosophy	in	Biological	Sciences	
	

University	of	California,	Irvine,	2016	
	

Assistant	Professor	Irene	Munk	Pedersen,	Chair	
	
	 	
	
	 microRNAs	(miRs)	are	small	endogenously	encoded	RNAs	that	post-transcriptionally	

repress	gene	expression	by	degradation	or	translational	repression	of	target	mRNAs.	miRs	

are	involved	in	normal	development	and	homeostasis;	dysregulation	of	miRs	is	tied	to	the	

development	and	progression	of	many	diseases	including	cancer.	Increasing	evidence	shows	

that	 miRs	 may	 have	 evolved	 to	 defend	 the	 human	 genome	 against	 mutagenesis	 by	

retroelements	such	as	L1	retrotransposons	or	HIV-1.			

L1	retrotransposons	account	for	approximately	17%	of	the	human	genome	and	are	

the	 only	 autonomous	 transposons	 that	 replicate	 by	 a	 copy-paste	 mechanism.	 L1	

retrotransposition	 is	 associated	 with	 mutagenesis	 and	 genomic	 instability,	 two	 factors	

implicated	in	cancer	and	various	genetic	disorders.	

HIV-1	is	a	retrovirus	that	infects	millions	of	people	worldwide	and	can	lead	to	fatal	

acquired	 immune	 deficiency	 syndrome	 (AIDS).	 Current	 anti-retroviral	 therapies	 are	

effective	 at	 reducing	 viral	 loads	 to	 non-detectable	 levels	 and	 prolonging	 the	 lifespan	 of	

patients;	however,	HIV-1	may	remain	latent	in	the	genome	and	can	be	reactivated	later.		
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	 The	focus	of	this	dissertation	is	to	elucidate	the	mechanisms	of	miR-128-mediated	

repression	of	L1,	 its	 repression	of	 cellular	TNPO1	and	hnRNP	A1	 that	are	 involved	 in	L1	

retrotransposition,	as	well	as	cellular	TNPO3	 involved	 in	HIV-1	replication.	We	 identify	a	

novel	 miR,	 miR-128,	 involved	 in	 L1	 retrotransposition.	 We	 demonstrate	 that	 miR-128	

represses	L1	RNA,	protein,	and	de	novo	retrotransposition	by	a	direct	binding	mechanism	in	

multiple	cell	lines	including	cancer	initiating	cells	and	induced	pluripotent	stem	cells	(iPSCs)	

(Chapter	2).	miRs	are	highly	pleiotropic	with	a	single	miR	targeting	multiple	mRNAs	in	the	

same	pathway.	We	show	that	TNPO1	 is	a	cellular	 target	of	miR-128,	and	 is	necessary	 for	

efficient	replication	of	L1	retrotransposons	and	nuclear	import	of	L1	ORF1p	(Chapter	3).	

We	provide	evidence	 that	hnRNP	A1	 is	also	a	direct	 target	of	miR-128	and	repression	of	

hnRNP	A1	significantly	reduces	L1	RNA,	protein	and	de	novo	L1	retrotransposition	(Chapter	

4).	Lastly,	we	identify	TNPO3	which	is	known	to	be	involved	in	HIV-1	replication	as	a	direct	

target	of	miR-128.	Reduction	of	TNPO3	by	miR-128	over-expression	significantly	reduces	

HIV-1	replication	using	a	single	cycle	HIV-1	luciferase	reporter	virus	(Chapter	5).													



	 1	

Chapter	1	
	

Introduction	
	
	

	 Since	the	rules	governing	heritable	traits	were	first	established	by	Gregor	Mendel	in	

the	 1800s,	 the	 idea	 that	 genomes	 were	 static	 packages	 of	 information	 passed	 on	 from	

generation	to	generation	remained	relatively	unchallenged	until	the	publication	of	Barbara	

McClintock’s	work	on	mobile	genetic	elements	nearly	one	hundred	years	later	in	the	1950s1.	

While	 investigating	 the	 relationship	 between	 variable	 inheritance	 of	 pigmentation	 and	

chromosomal	changes	in	maize	plants,	McClintock	was	the	first	to	show	that	transposition	

of	elements	within	or	between	chromosomes	was	responsible	 for	 the	variegation	 in	seed	

kernel	color.	While	mobile	genetic	elements	were	shown	at	the	time	to	contribute	to	genomic	

instability	 and	 chromosomal	 breaks	 where	 the	 mobile	 elements	 reintegrated,	 the	

implications	of	genomic	instability	have	only	been	appreciated	within	the	last	30	years2-6.		

	 Mobile	genetic	elements	and	genomic	instability	are	found	in	organisms	ranging	from	

bacteria	to	humans;	however,	they	are	a	double-edged	sword	when	it	comes	to	evolution	and	

survival.	 In	 humans	 for	 example,	 lymphoid	 cells	 (B-	 and	 T-cells)	 depend	 upon	 the	

reorganization	of	the	genome	to	generate	the	vast	antibody	and	receptor	variation	necessary	

to	 mount	 immune	 responses	 against	 foreign	 pathogens7,8.	 On	 the	 other	 hand,	 genomic	

instability	can	 interfere	with	gene	expression	(e.g.	disruption	of	 tumor	suppressor	gene),	

increase	 the	 mutational	 burden	 within	 the	 genome,	 and	 eventually	 lead	 to	 the	

transformation	of	normal	cells	into	cancer	cells2.	

	 Each	cell	within	the	human	body	can	be	thought	of	as	a	complex	network	of	genes	

(DNA)	and	gene	products	(RNA	and	Proteins),	that	need	to	be	expressed	and	localized	to	the	
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right	place	at	the	right	time	in	the	right	amounts.	To	maintain	tight	regulation	of	the	cellular	

“program,”	many	 layers	 of	 regulation	 and	networks	 have	 evolved	 to	 involve	 a	myriad	 of	

feedback	 loops	 and	 checkpoints.	 These	 regulatory	 networks	 exist	 at	 all	 levels	 of	 gene	

expression	 ranging	 from	 epigenetic	 modification	 to	 control	 gene	 transcription	 to	 post-

transcriptional	modifications	to	control	translation	and	post-translational	modifications	to	

control	 protein	 stability.	 The	 work	 presented	 in	 this	 thesis	 investigates	 the	 post-

transcriptional	regulation	of	the	L1	retrotransposon	pathway	and	retroviruses,	such	as	HIV-

1,	by	microRNA-128.	

	

1.	L1	Retrotransposons	

Transposable	 elements	make	 up	 approximately	 45%	 of	 the	 human	 genome.	 Long	

Interspersed	Nuclear	Element	1	(LINE-1	or	L1)	are	transposable	elements	that	belong	to	the	

non-LTR	 class	 of	 retrotransposons	 that	 account	 for	 approximately	 17%	 of	 the	 human	

genome	 9.	 Full-length	L1	 is	 approximately	6	 kb	 in	 length	 and	has	been	proposed	 to	be	 a	

remnant	of	an	ancient	retrovirus	10-12.	Structurally,	L1	contains	a	5’UTR,	a	short	3’UTR	and	

three	 open-reading	 frames,	 ORF0,	 ORF1	 and	ORF2.	 ORF0	 is	 transcribed	 in	 the	 antisense	

direction	 and	 encodes	 a	 protein	 that	 enhances	 L1	 retrotransposition,	 however	 the	 exact	

mechanism	 remains	 unknown	 13.	 ORF1	 encodes	 a	 40-kDa	protein	with	RNA-binding	 and	

nucleic	acid	chaperone	activity	14,15	and	must	be	phosphorylated	for	retrotransposition	to	

occur	 16.	 ORF2	 encodes	 a	 149-kDa	 protein	with	 endonuclease	 and	 reverse	 transcriptase	

activities	10,17-19.	L1	mobilizes	and	replicates	from	one	place	in	the	genome	to	another	by	a	

“copy	 and	 paste”	 mechanism	 in	 which	 L1	 RNA	 is	 transcribed	 and	 transported	 into	 the	

cytoplasm	where	translation	of	ORF1	and	ORF2	occurs.	
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Figure	 1:	 L1	 retrotransposon	 lifecycle.	 Endogenously	 encoded	 L1	 retrotransposons	 are	
transcribed	in	the	nucleus	and	L1	RNA	is	exported	to	the	cytoplasm.	Here	L1	RNA	is	translated	into	
ORF1p	and	ORF2p	proteins	which	then	bind	back	to	the	L1	RNA	to	form	L1	RiboNucleo	Protein	(L1-
RNP).	L1-RNP	is	then	imported	into	the	nucleus	where	the	RNA	is	reverse	transcribed	back	into	DNA	
and	 randomly	 integrated	 into	 the	 genome	 leading	 to	 an	 overall	 amplification	 of	 the	 mutational	
burden	within	the	human	genome.	
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Translated	ORF1	and	ORF2	proteins	complex	 to	L1	mRNA	with	cis	preference	 20	and	are	

transported	 as	 a	 L1	 ribonucleo	 protein	 complex	 (L1-RNP)	 back	 into	 the	 nucleus	 where	

reverse	transcription	and	integration	of	L1	mRNA	occurs	at	a	degenerate	consensus	site	5’-

TTTT/A-3’	 18,21,22	 via	 target-site	 primed	 reverse	 transcription	 (TPRT)	 23.	 L1	

retrotransposons	are	 the	only	 fully	 autonomous	 retrotransposons	encoded	 in	 the	human	

genome,	and	though	most	copies	of	L1	are	truncated	at	the	5’	end	and	are	not	capable	of	

autonomous	retrotransposition	24,	approximately	100	fully	functional	copies	of	L1	remain	

active	in	humans	25.	Active	L1	retrotransposons	have	both	sense	and	anti-sense	promoters	

which	 can	 drive	 transcription	 of	 adjacent	 genes	 26.	 L1	 retrotransposons	 can	 positively	

influence	the	evolution	of	mammalian	genomes	by	mobilizing	and	inserting	L1	sequences	as	

well	as	non-L1	sequences	(e.g.	promoters	or	exons)	 into	existing	genes	27-29.	Additionally,	

cellular	 mRNAs	 may	 utilize	 L1	 machinery	 to	 retrotranspose	 to	 new	 genomic	 sites,	 thus	

generating	 pseudogenes	 30-32.	 However,	 L1	 retrotransposons	 are	 also	 linked	 to	 a	 wide	

spectrum	 of	 diseases	 and	 disorders	 ranging	 from	 hemophilia	 to	 cancer	 with	 L1	

retrotransposition	biased	 toward	areas	of	 cancer-specific	DNA	hypomethylation	 33-36.	For	

example,	L1	retrotransposition	into	tumor	suppressor	MCC	ablated	expression	thus	enabling	

oncogenic	 B-catenin/Wnt	 signaling	 37.	 Another	 example	 demonstrated	 that	 L1	

retrotransposition	disrupted	a	repressor	of	an	oncogene	ST18,	promoting	tumorigenesis	37.	

Furthermore,	 other	 active	 non-autonomous	 retrotransposons	 such	 as	 Alu	 elements	 (of	

which	there	are	approximately	1x106	elements)	and	SVA	elements	can	co-opt	L1	machinery	

and	promoters	to	amplify	genomic	instability	in	the	cell	38,39.	

Due	 to	 the	 potential	 negative	 impact	 of	 newly	 inserted	 transposable	 elements,	

restriction	mechanisms	that	operate	at	different	levels	in	the	gene	expression	cascade	have	
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evolved	to	control	a	high	rate	of	 transposition-mediated	mutagenesis.	L1	 is	preferentially	

regulated	in	somatic	cells	by	methylation	and	inactivation	of	its	promoter	40.	Interestingly,	

many	anti-viral	cellular	factors	encoded	by	Interferon-stimulated	genes	(ISGs),	also	restrict	

L1	retrotransposition	41.	 	Anti-viral	cellular	factors	that	also	restrict	L1	retrotransposition	

include	APOBEC3	42-47,	MOV10	48-51,	RNAse	L	52,	ZAP	41,51,	BST2	41,	ISG20	41	and	MX2	41.	Recent	

studies	have	shown	that	the	microprocessor	involved	in	miR	processing	can	bind	to	5’	UTR	

of	 L1	 mRNA	 (which	 forms	 an	 RNA	 loop	 structure	 comparable	 to	 pri-miRs),	 leading	 to	

cleavage	and	repression	of	L1	activity.	In	addition,	analysis	of	Dicer-	and	DGCR8-deficient	

cells	have	shown	significant	increased	L1	activity	53.	These	proteins	are	primarily	believed	

to	 affect	 miR-dependent	 mechanisms	 in	 cells,	 though	 not	 exclusively.	 Additional	 L1	

retrotransposon	 restriction	 mechanisms	 include	 double-strand	 break	 (DSB)	 and	 non-

homologous	end-joining	 (NHEJ)	pathways	of	DNA	repair,	however	 the	exact	mechanisms	

remain	unclear	since	DNA	repair	pathways	are	not	required	for	L1	retrotransposition	54-57.	

In	germ	cells	a	subclass	of	small	RNAs	known	as	PIWI-interacting	RNAs	(piRNAs)	are	crucial	

for	L1	silencing;	piRNAs	are	not	present	in	somatic	cells	58.	In	hypomethylated	somatic	cells	

such	 as	 cancer	 cells,	 cancer	 stem	 cells	 (CSCs),	 and	 during	 reprogramming,	 a	 window	 of	

opportunity	 for	 L1	 reactivation	 emerges	 59-62.	 Since	 microRNAs	 (miRs)	 act	 as	 master	

regulators	of	gene	expression,	as	well	as	play	a	role	as	a	defense	mechanism	in	organisms	

from	plants	to	humans,	miRs	might	also	protect	non-germ	cells	 from	encoded	pathogenic	

assaults,	such	as	L1	retrotransposition	63.		
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2.	MicroRNAs		

	 microRNAs	 (miRs)	 are	 small,	 endogenous	 22-25	 nucleotide	 non-coding	 RNA	

molecules	 that	effect	post-transcriptional	 repression	of	 target	genes.	miRs	are	 found	 in	a	

variety	 of	 organisms	 including	 plants,	 animals,	 and	 some	 viruses;	 miRs	 with	 important	

developmental	and	regulatory	functions	are	highly	conserved	64,65.	In	humans,	miR	genes	are	

highly	 abundant	 and	widely	 distributed	 throughout	 the	 genome	with	 over	 2,500	mature	

miRs	annotated	in	an	online	miR	database	(miRbase	21,	2014	release,	65-69).	The	majority	of	

miRs	are	encoded	in	the	introns	of	RNA	transcripts,	however	there	are	cases	where	they	are	

encoded	by	exonic	regions	as	well.	miRs	are	often	clustered	together	in	the	genome	and	are	

typically	 co-transcribed	 by	RNA	Pol	 II	 as	 intramolecular	 stem-loop	 structures	 called	 pri-

miRs.			Although	a	comprehensive	map	of	miR	promoters	has	yet	to	be	determined,	it	can	be	

inferred	that	miRs	encoded	in	the	introns	or	exons	of	protein-coding	genes	share	a	common	

promoter	with	the	host	gene.	Other	epigenetic	factors	such	as	DNA	methylation	and	histone	

modification	may	affect	miR	transcription	as	well	70.	The	transcribed	pri-miR	is	often	over	1	

kb	in	length	and	contains	multiple	stem-loop	structures	which	are	further	processed	into	50-

70	nt	long	pre-miRs	by	the	microprocessor	which	consists	of	a	nuclear	RNAse	III	known	as	

Drosha	and	an	essential	cofactor,	DGCR8	71-76.			Pre-miRs	are	then	complexed	with	Exportin-

5	and	RAN-GTP	 then	exported	 from	 the	nucleus	 77-79.	Upon	exit	 from	 the	nucleus,	GTP	 is	

hydrolyzed	which	releases	the	pre-miR	into	the	cytoplasm.	Once	released	into	the	cytoplasm,	

the	 pre-miR	hairpin	 structure	 is	 then	 bound	by	 the	RNase	 III	 enzyme	Dicer	which	 has	 a	

preference	 for	 two	 nucleotide	 3’	 overhangs	 generated	 by	 Drosha	 processing.	 Dicer	 then	

cleaves	the	loop	of	the	pre-miR	hairpin	structure	joining	the	5’	and	3’	arms	together	resulting	

in	a	22-24	nt	mature	miR	duplex	structure.	Other	proteins	such	as	TAR	RNA-binding	protein	
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(TRBP)	are	also	part	of	the	Dicer	RNA-processing	complex	and	may	contribute	to	processing	

efficiency;	 however	 their	 exact	 function	 remains	 undetermined	 80-82.	 One	 strand	 of	 the	

mature	miR	 known	 as	 the	 passenger	 strand	 or	 *	 strand	 is	 degraded	 due	 to	 unfavorable	

thermodynamic	stability	when	interacting	with	the	Argonaute	(AGO)	protein	83,84.	The	other	

strand	of	the	mature	miR	is	loaded	into	an	AGO	protein	to	form	the	RNA-Induced	Silencing	

Complex	(RISC)	and	acts	as	a	guide	RNA	that	uses	partial	base-pairing	to	target	mRNAs	and	

repress	their	expression	by	mRNA	destabilization	and	decay	or	translational	repression	85,86.	

In	humans,	 there	are	eight	variants	of	 the	AGO	protein,	 four	of	which	can	mediate	mRNA	

destabilization	and	decay	or	translational	repression	in	conjunction	with	other	regulatory	

proteins	(e.g.	GW182);	only	AGO2	can	cleave	target	mRNA	directly	87.	

The	best-characterized	features	determining	miR-target	recognition	are	six	to	eight	

nucleotide	“seed”	sites,	which	perfectly	complement	the	5’	end	of	the	miR	(positions	2-7)	85;	

non-canonical	 miR	 binding	 sites	 are	 however	 frequent	 and	 are	 a	 major	 challenge	 for	

prediction	by	bioinformatic	approaches	88.	It	has	recently	been	determined	that	only	35-40%	

of	miRs	bind	to	the	3’	UTR	of	target	mRNAs,	with	the	vast	majority	of	miR	target	sites	found	

in	 the	 open	 reading	 frames	 (ORFs)	 including	 exons	 of	 transcribed	 genes	 89.	 miRs	 are	

predicted	 to	regulate	more	 than	60%	of	 the	human	 transcriptome,	allowing	 for	 the	post-

transcriptional	control	of	all	known	cellular	pathways	86.	In	fact,	miRs	have	been	shown	to	

regulate	many	critical	cellular	processes	ranging	from	cell	cycling	90,	signaling	91,	metabolism	

92,	and	cell	movement	93-96.	Furthermore,	the	critical	role	of	miRs	in	regulation	is	underlined	

by	the	fact	that	dysregulation	of	miRs	has	been	found	in	all	diseases	examined	to	date		
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Figure	2:	microRNA	(miR)	biogenesis.	The	miR	gene	is	transcribed	by	RNA	Pol	II	into	a	pri-miR	that	is	
often	over	1kb	in	length	and	can	contain	many	stem	loop	structures	encoding	different	miRs.	Pri-miRs	are	
then	processed	into	50-70nt	long	pre-miRs	by	Drosha	and	DGCR8	that	are	subsequently	exported	from	
the	nucleus.	Pre-miRs	are	further	processed	by	Dicer	and	other	RNA-Induced	Silencing	Complex	(RISC)-
associated	proteins.	One	strand	of	the	mature	miR	is	loaded	into	the	Argonaute	(AGO)	protein	to	mediate	
RNA-induced	silencing	of	target	genes	through	mRNA	degradation	or	translational	repression.	
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including	cancers,	viral	infections,	neurodegenerative	disorders	and	immune	dysfunction	90-

99.	Lastly,	miRs	 typically	repress	multiple	cellular	mRNAs	by	binding	to	homologous	seed	

sites;	the	proteins	of	these	target	mRNAs	often	work	in	concert,	and	so	miRs	are	able	to	fine-

tune	specific	cellular	responses	100-103.	

	 The	primary	role	of	miRs	as	a	co-evolved	anti-viral	defense	mechanism	or	as	a	general	

gene	regulatory	system	remains	undetermined.	Previous	studies	have	shown	that	miRs	bind	

directly	to	viral	RNA	(vRNA)	resulting	in	degradation	and	ultimately	viral	restriction	104,105.	

Likewise,	transposable	elements,	such	as	L1	retrotransposons,	are	capable	of	autonomous	

replication	and	have	a	 life	 cycle	 similar	 to	 that	of	 retroviruses,	 and	so	 it	 is	 reasonable	 to	

hypothesize	that	miRs	may	restrict	endogenously-encoded	retrotransposons	as	well.		

	

3.	hsa-miR-128a	

	 Anti-miR-128	 was	 identified	 in	 an	 anti-miR	 library	 screen	 in	 HeLa	 cells	 as	 a	 de-

repressor	 of	 L1	 activity.	 miR-128a	 (miR-128)	 is	 encoded	 on	 Chromosome	 2	 in	 humans	

(2q21.3,	 135665397:135665478,	 GRCh38/hg38	 assembly	 UCSC	 106)	 and	 is	 surprisingly	

located	 in	 the	 exonic	 region	 of	 the	 R3H	 domain	 containing	 1	 (R3HDM1)	 gene.	miRs	 are	

typically	located	between	clusters	of	genes	(intergenic)	or	embedded	within	the	introns	of	

known	 coding	 genes	 (intronic)	 107.	 The	 R3HDM1	 gene	 has	 multiple	 transcription	 factor	

binding	sites	including:	USF1,	AML1a,	Tal-1,	E47,	p300,	and	AP-2alpha	(four	isoforms)	(SAB	

biosciences	DECODE	database	“Decipherment	of	DNA	Elements”).	It	is	likely	that	miR-128	is	

co-transcriptionally	regulated	with	R2HDM1;	however,	it	may	have	its	own	yet	undefined,	

transcriptional	start	site	(TSS).	miR-128b	is	encoded	on	Chromosome	3;	the	sequence	and	
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secondary	 structures	 of	 pre-miR-128b	 is	 different	 than	pre-miR-128a,	 however	 once	 the	

pre-miRs	are	processed	into	22nt	mature	miRs	by	Dicer,	the	sequences	are	identical.			

	 miR-128	is	highly	enriched	in	the	brain	of	humans,	a	phenomenon	that	is	conserved	

across	other	vertebrates	ranging	from	mice	to	rhesus	macaques	108,109.	Furthermore,	miR-

128	 has	 been	 found	 to	 be	 temporally	 regulated	 in	 mice	 where	 miR-128	 is	 upregulated	

between	embryonic	day	12.5	(E12.5)	and	E18.5,	then	remains	high	into	adult	stages	110.	The	

ablation	of	both	miR-128a	and	miR-128b	in	mice	is	not	embryonic	lethal,	however	in	miR-

128b	-/-	mice	it	does	result	in	early-onset	fatal	epilepsy	suggesting	that	miR-128	is	critical	

to	normal	brain	function111.		

	 The	seed	sequence	or	binding	site	for	miR-128	on	its	RNA	target	is	CACUGUG	and	in	

one	 study,	 the	 hexamer	 (ACUGUG)	was	 found	 to	 be	 the	most	 enriched	hexamer	 in	RISC-

associated	 mRNAs	 111.	 Many	 target	 genes	 of	 miR-128	 have	 been	 identified	 and	

experimentally	 characterized.	 Overall,	 miR-128	 seems	 to	 be	 involved	 in	 regulating	

neurogenesis,	 memory	 formation,	 neuronal	 function	 as	 well	 as	 functioning	 as	 a	 tumor-

supressor	miR.	miR-128	has	been	suggested	 to	be	 involved	 in	neurogenesis	by	 inhibiting	

nonsense-mediated	decay	proteins	UPF1	and	MLN51	112.	Genes	involved	in	neural	plasticity	

and	retrieval	of	fear	responses	(Creb1,	Ppp1ca,	Ppp1cc,	Reln,	Sp1	and	Rcs)	were	found	to	be	

direct	targets	of	miR-128,	implicating	miR-128	in	the	extinction	of	learned	fear	responses	

and	memory	 113.	miR-128	 knockout	mice	 (specifically	miR-128-b)	 show	 early-onset	 fatal	

epilepsy	and	further	investigation	of	this	phenotype	resulted	in	the	identification	of	multiple	

miR-128	targets	involving	ion	channels,	the	ERK	signaling	network	and	neuronal	excitability	

111.	In	one	study	of	glioblastomas,	the	most	common	primary	tumors	in	the	central	nervous	

system,	miR-128	was	found	to	be	significantly	downregulated.	Further	investigation	showed	
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that	miR-128	targets	the	Bmi1	oncogene	leading	to	blocked	glioma	self-renewal	in	an	in	vivo	

xenograft	model	114.	Additional	studies	in	gliomas	determined	that	EGFR	and	PDGFRa	are	

targets	of	miR-128	as	well,	providing	evidence	that	miRs	are	indeed	major	regulators	of	gene	

networks	 115.	miR-128	 also	 acts	 as	 a	 tumor	 suppressor	 in	 head	 and	 neck	 squamous	 cell	

carcinoma	(HNSCC),	inhibiting	HNSCC	by	mediating	expression	of	BMI-1,	BAG-2,	BAX,	H3f3b,	

and	 Paip2	 116.	 	 Interestingly,	 	 96%	 of	 lung	 cancers	 and	 87%	 of	 breast	 cancers	 are	

characterized	by	a	 loss	of	heterozygosity	at	chromosome	3p	where	miR-128b	is	encoded,	

strengthening	the	notion	of	miR-128	as	a	tumor	suppressor	miR	117-120.	Furthermore,	it	 is	

known	 that	 both	 L1	 retrotransposition	 and	 HIV-1	 infection	 induce	 Type	 I	 interferon	

responses	 121,122	 and	 miR-128	 is	 upregulated	 in	 peripheral	 blood	 mononuclear	 cells,	

hepatoma	 cell	 lines	 and	 hepatocytes	 in	 response	 to	 interferon	 stimulation	 104,123,124;	

altogether	suggesting	that	miR-128	may	be	part	of	an	amplification	loop	and	function	as	part	

of	the	anti-viral	and	anti-retrotransposition	interferon	response.										

	

4.	L1	activity	and	TNPO1	

	 The	L1	lifecycle	consists	of	three	main	segments	which	include	transcription	of	the	

L1	in	the	nucleus	and	export	to	the	cytoplasm,	translation	of	the	L1	ORF1	and	ORF2	into	its	

respective	proteins	then	import	back	into	the	nucleus,	and	lastly	reverse	transcription	and	

reintegration	into	the	genome.	There	are	many	points	at	which	restriction	of	the	L1	lifecycle	

may	 temporally	 or	 spatially	 occur.	 One	 possible	 mechanism	 of	 spatial	 restriction	 of	 L1	

retrotransposition	may	be	when	the	L1-RNP	is	imported	from	the	cytoplasm	back	into	the	

nucleus.	 It	 has	 been	 shown	 that	 L1	 retrotransposition	 is	 dependent	 on	 cell	 division	 and	

breakdown	of	the	nuclear	membrane	to	gain	access	the	genome	to	varying	degrees		125-127.	
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However,	the	role	of	active	transport	of	L1-RNP	into	the	nucleus	–	possibly	allowing	for	L1	

retrotransposition	in	non-dividing	cells	–	remains	undetermined.			

	 The	transport	of	proteins	larger	than	40	kDa	(for	reference,	L1-ORF1p	is	40-kDa	and	

L1-ORF2p	 is	 149-kDa)	 between	 the	 nucleus	 and	 cytoplasm	 of	 a	 cell	 necessitates	 soluble	

transport	 factors	 or	 carrier	 molecules	 128.	 Active	 transport	 between	 the	 nucleus	 and	

cytoplasm	is	generally	carried	out	by	a	family	of	proteins	known	as	B-karyopherins	which	

include	both	importins	and	exportins.	Transportin1	(TNPO1)	also	known	as	Karyopherin	B2	

or	Importin	B2,	 is	 involved	in	the	nuclear	import	of	proteins.	TNPO1	binds	to	the	nuclear	

localization	sequence	(NLS)	or	a	sequence	of	amino	acids	on	a	target	protein	in	the	cytoplasm	

directly	or	through	an	adaptor.	The	complex	then	interacts	with	the	nuclear	pore	complex	

(NPC)	 and	 is	 imported	 into	 the	 nucleus.	 Once	 in	 the	 nucleus,	 Ran-GTP	 binds	 to	 TNPO1,	

releasing	 its	cargo.	The	Ran-GTP/TNPO1	complex	 is	 then	exported	back	to	the	cytoplasm	

where	Ran	hydrolyzes	GTP	into	GDP	and	dissociates,	allowing	the	TNPO1	to	participate	in	

another	import	cycle	129.		

	 TNPO1,	 encoded	 on	 chromosome	 5,	 is	 translated	 into	 a	 large	 molecular	 weight	

protein	 (102	 kDa)	 with	 20	 HEAT	 repeats.	 TNPO1	 mRNA	 and	 protein	 are	 ubiquitously	

expressed	in	human	tissues	and	cell	 lines	130,131	consistent	with	its	critical	role	 in	nuclear	

import	of	many	cellular	cargoes.	TNPO1	was	initially	identified	as	the	import	factor	for	the	

heterogenous	ribonucleoprotein	A1	(hnRNP	A1)	in	mammalian	cell	lines	129,132-134.	A	stretch	

of	38	amino	acids	on	hnRNP	A1,	known	as	M9,	was	found	to	be	necessary	for	interaction	with	

TNPO1	 and	 localization	 to	 the	 nucleus	 135	 and	was	 one	 of	 the	 first	 non-basic-type	 NLSs	

described.	Since	this	initial	characterization,	another	novel	nuclear	localization	sequence		
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Figure	 3:	 L1	 pathway	 -	 Nuclear	 import	 and	 TNPO1.	 L1	 RNA	 is	 transcribed	 in	 the	 nucleus,	
translated	in	the	cytoplasm	and	forms	L1	RNP.	Transport	of	proteins	larger	than	40	kDa	(L1-ORF1p	
is	40	kDa	and	L1-ORF2p	is	149	kDa)	require	active	transport	between	the	cytoplasm	and	nucleus.	
Active	transport	is	generally	carried	out	by	B-karyopherins,	one	of	which	is	TNPO1.	There	is	a	non-
canonical	nuclear	localization	sequence	on	L1-ORF1p	that	may	bind	to	TNPO1	and	mediate	nuclear	
import	of	L1-RNP	and	promote	L1	retrotransposition.			



	 14	

that	 interacts	 with	 TNPO1,	 known	 as	 a	 PY-NLS,	 has	 been	 identified	 and	 experimentally	

validated	on	dozens	of	cargoes	including	FUS,	EWS,	and	Huntingtin	136-141.	PY-NLSs	have	an	

overall	basic	charge	and	are	composed	of	a	C-terminal	(R/K/H-X2-5-P-Y)	motif,	a	8-13	amino	

acid	 long	 spacer	 and	 an	N-terminus	motif	 consisting	of	 a	 hydrophobic	motif	 followed	by	

G/A/S	(along	with	other	hydrophobic	regions).	Furthermore,	PY-NLSs	are	typically	in	a	30-

amino	acid	region	that	lacks	secondary	structure.		Most	validated	PY-NLS-containing	cargoes	

are	RNA	binding	proteins	and	approximately	60%	of	human	proteins	in	which	a	PY-NLS	was	

predicted	are	involved	in	RNA	transcription	or	processing	142.	In	general,	proteins	containing	

a	PY-NLS	are	imported	by	transportins,	however	other	cargoes	without	PY-NLSs	including	

HIV-1	 Rev,	 Anilin,	 viral,	 ribosomal	 and	 histone	 proteins	 are	 imported	 to	 the	 nucleus	 by	

TNPO1	143-145.	A	non-canonical	PY-NLS	is	located	on	L1-ORF1p	and	may	be	responsible	for	

binding	 to	 TNPO1	 and	 facilitating	 nuclear	 import	 of	 L1-RNP	 and	 promoting	 L1	

retrotransposition.		

	

5.	L1	activity	and	hnRNP	A1	

	 Research	into	the	mechanisms	of	gene	regulation	has	elucidated	many	more	layers	

and	a	wider	network	of	gene	regulation	beyond	the	simple	means	of	transcriptional	control.	

RNA	binding	proteins	(RBPs)	have	been	 found	to	effect	post-transcriptional	regulation	of	

nascent	RNA	transcripts	by	a	variety	of	mechanisms	that	involve	RNA	stability,	processing	

and	 maturation.	 Over	 20	 nuclear	 proteins	 known	 as	 heterogenous	 nuclear	 ribonucleo	

proteins	(hnRNPs)	have	been	found	to	associate	with	pre-mRNAs	and	mRNAs	146.	hnRNPA1	

is	the	best	characterized	hnRNP	and	one	of	the	most	abundant	RBPs	found	in	the	nucleus;	

furthermore	it	has	been	implicated	in	many	biological	processes	including	transcription,		
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Figure	 4:	 L1	 pathway	 –	 Nuclear	 import	 and	 hnRNP	 A1.	 L1	 RNA	 is	 transcribed	 in	 the	 nucleus,	
translated	 in	 the	 cytoplasm	and	 forms	L1	RNP.	 TNPO1	may	 bind	directly	 to	 a	non-canonical	 nuclear	
localization	 sequence	 (NLS)	 on	 L1-ORF1p	 and	 mediate	 nuclear	 import	 of	 L1-RNP.	 One	 of	 the	 best	
characterized	cellular	cargoes	of	TNPO1	is	hnRNP	A1	which	contains	a	M9	NLS	that	is	responsible	for	a	
strong	and	highly-specific	binding	interaction.	Recent	evidence	has	found	that	L1	ORF1p	and	hnRNPA1	
interact	via	an	RNA-bridge	adding	another	possible	explanation	as	to	how	L1	RNP	is	imported	into	the	
nucleus	via	TNPO1.			
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alternative	splicing,	mRNA	export	from	the	nucleus,	translation,	telomere	length	regulation,	

HIV-1	infection	and	miR	processing	147-149.	hnRNP	A1	is	expressed	in	all	tissues	to	varying	

degrees	and	relative	levels	do	not	remain	constant,	suggesting	the	possibility	that			hnRNP	

A1	may	play	a	critical	role	in	the	maintenance	and	function	of	various	cell	types.	There	are	

two	validated	variants	of	hnRNP	A1;	hnRNP	A1-A	which	is	a	372	amino	acid	(38	kDa)	protein	

and	hnRNP	A1-B	which	lacks	amino	acids	253-303	(34	kDa).	These	proteins	are	structurally	

very	similar,	with	the	N-terminus	containing	two	RNA	Recognition	Motif	(RRM)	domains	and	

a	glycine-rich	C-terminus	containing	the	38	amino	acid	M9	nuclear	 localization	sequence.	

The	 M9	 nuclear	 localization	 sequence	 is	 responsible	 for	 the	 well	 characterized	 binding	

interaction	 between	 hnRNP	A1	 and	TNPO1	 and	 is	 necessary	 for	 import	 into	 the	 nucleus	

135,150.	The	M9	sequence	has	a	dual	 function	 in	 that	 it	has	been	 found	 to	mediate	nuclear	

export	 as	 well	 151	 .	 Although	 hnRNP	 A1	 is	 predominantly	 localized	 to	 the	 nucleus,	 it	 is	

constantly	 shuttling	 between	 the	 cytoplasm	 and	 the	 nucleus	 152,153.	 Furthermore,	

TNPO1:hnRNP	 A1	 complexes	 can	 be	 found	 in	 both	 the	 cytoplasm	 and	 nucleus,	 however	

TNPO1	 is	 not	 found	 complexed	 to	 other	 hnRNPs	 in	 the	 nucleus	 suggesting	 that	 the	

TNPO1:hnRNPA1	complexes	primarily	function	to	import	hnRNPA1	into	the	nucleus	and	are	

not	necessarily	involved	in	general	hnRNP-mediated	mRNA	processing	154.	Recently,	hnRNP	

A1	was	found	to	associate	with	L1	ORF1p	protein	in	an	RNA-dependent	manner,	indicating	

the	presence	of	an	RNA	bridge	49.	Due	to	the	well-characterized	interaction	between	TNPO1	

and	hnRNPA1,	in	addition	to	the	newly	established	interaction	between	hnRNPA1	and	L1	

ORF1p,	we	 consider	 a	 plausible	 scenario	 in	which	TNPO1	 and	 hnRNP	A1	mediate	 active	

transport	 of	 L1-RNP	 into	 the	 nucleus.	 Furthermore,	miR-128	may	 downregulate	 each	 of	

these	cellular	factors	to	restrict	the	L1	retrotransposition	pathway	at	multiple	points.				
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6.	HIV-1	replication	and	TNPO3	

Humans	and	pathogens	have	been	locked	in	a	biological	arms	race	for	hundreds	of	millions	

of	years,	with	each	evolutionary	advantage	conferring	morbidity/mortality	on	one	side	or	

disease-free	survival	on	the	other.	Retroviruses	are	some	of	 the	oldest	known	pathogens,	

with	new	evidence	showing	that	some	have	co-evolved	with	humans	for	hundreds	of	millions	

of	years	155;	for	perspective,	humans	hadn’t	even	undergone	speciation	away	from	old	world	

monkeys	at	that	point.	Even	L1	retrotransposons	which	account	for	approximately	17%	of	

the	human	genome	are	thought	to	be	remnants	of	ancient	retroviruses	that	integrated	over	

25	million	years	ago	156.	One	of	the	best	characterized	retroviruses	belonging	to	the	genus	of	

lentivirus	is	the	Human	Immunodeficiency	Virus	(HIV)	where	chronic	infection	in	humans	

leads	to	CD4+	T	cell	 loss	and	other	 immunological	abnormalities	culminating	 in	Acquired	

Immunodeficiency	Syndrome	or	AIDS.	 Initial	cases	of	AIDS	in	the	United	States	were	first	

documented	in	1981	by	the	Center	for	Disease	Control,	where	five	young	men	were	treated	

for	Pneumocystis	carinii	pneumonia	(PCP).	PCP	is	a	rare	infection	that	typically	appears	in	

immunosuppressed	 individuals	 such	 as	 the	 elderly,	 and	 so	 although	 these	 cases	 seemed	

anomalous,	they	were	a	harbinger	of	the	HIV/AIDS	pandemic	to	come.	To	date	there	are	36.7	

million	people	worldwide	that	are	living	with	HIV/AIDS	with	25.8	million	cases	found	in	low-	

to	middle-income	 countries	 in	 sub-Saharan	Africa	 alone.	 Current	 antiretroviral	 therapies	

(ART)	are	effective	at	controlling	HIV/AIDS	progression	and	have	improved	the	prognosis	of	

newly	infected	individuals	to	a	chronic	infection,	however	less	than	half	of	those	infected	are	

receiving	adequate	treatment	worldwide.	Despite	our	ability	to	control	disease	progression,	

HIV	infected	individuals	are	at	an	increased	risk	of	opportunistic	infections,	cancers	and		
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Figure	 5:	 TNPO3	 and	 nuclear	 import	 of	 HIV-1.	 HIV-1	 infects	 target	 cells	 by	 fusing	 to	 the	 cell	
membrane	via	CD4	and	CCR5	and	the	viral	core,	including	a	capsid	coat,	is	released	into	the	cytoplasm.	
The	 viral	 core	 undergoes	 uncoating	 and	 releases	 viral	 genomic	 RNA	 and	 viral	 proteins	 into	 the	
cytoplasm.	Upon	reverse	transcription	of	the	RNA	a	pre-integration	complex	or	PIC	is	formed.	The	PIC	
is	imported	into	the	nucleus	where	the	viral	genomic	DNA	is	integrated	into	host	chromosomal	DNA,	
serving	as	a	template	 for	subsequent	transcription	and	viral	replication.	Recent	evidence	has	shown	
that	 TNPO3	may	 sequester	Cleavage	and	 Polyadenylation	 Specific	Factor	6	 (CPSF6)	 to	 the	nucleus;	
CPSF6	is	then	unable	to	interact	with	HIV-1	capsid	and	cleave	HIV-1	RNA.					
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neurological	 disease.	 Furthermore,	 ART	 has	 side	 effects	 ranging	 from	 nausea	 to	 flu-like	

symptoms,	 and	 we	 do	 not	 yet	 have	 a	 cure	 or	 way	 to	 eradicate	 the	 virus	 from	 infected	

individuals.	 Continued	 research	 into	 the	 molecular	 mechanisms	 of	 HIV	 infection,	

pathogenesis,	and	latency	is	ongoing	and	will	serve	to	inform	future	treatments	and	cures.									

The	two	strains	of	HIV,	HIV-1	and	HIV-2	were	likely	transmitted	to	humans	from	the	

infected	bush	meat	of	African	primates	including	chimpanzees	and	mangabey	monkeys	157.	

HIV-2	is	generally	confined	to	West	Africa	and	while	it	is	capable	of	inducing	AIDS,	it	is	less	

virulent	than	HIV-1	157,158.	There	are	four	groups	of	HIV-1	that	are	a	result	of	three	distinct	

events	of	zoonosis.	Group	M	is	responsible	for	the	global	pandemic	of	HIV	infections	and	is	

composed	of	nine	 subtypes:	A,	B,	C,	D,	F,	G,	H,	 J	 and	K	 159.	Although	subtype	B	and	C	are	

responsible	for	the	majority	of	HIV-1	infections,	new	subtypes	are	constantly	evolving.	HIV-

1	 is	 transmitted	 via	 contaminated	 body	 fluids	 and	 the	 most	 important	 risk	 factors	 for	

transmission	are	sexual	intercourse	with	infected	individuals	and	injection	drug	use	using	

contaminated	needles.			

Upon	entry	 into	 the	bloodstream	of	an	 individual,	HIV-1	primarily	 targets	CD4+	T	

cells	but	is	also	capable	of	infecting	monocytes/	macrophages	160-163,	dendritic	cells	164,165,	

astrocytes	166,167	and	renal	epithelial	cells	168.	HIV-1	envelope	glycoprotein	gp120	fuses	to	

the	CD4	 receptor	 and	CCR5	or	 CXCR4	 co-receptors	 on	 the	 cell	membrane	 of	 target	 cells,	

stimulating	the	release	of	the	HIV-1	core	into	the	cytoplasm	169.	The	viral	core	consists	of	a	

capsid	 (composed	of	1,000s	of	protein	 subunits	 170),	 reverse	 transcriptase,	 viral	 genomic	

RNA	and	other	proteins	necessary	for	replication.	Once	the	capsid	is	unwound,	host	tRNA	

(tRNA3Lys)	 171	bound	 to	 the	viral	genomic	RNA	primes	reverse	 transcription	of	 the	viral	
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genome	into	DNA.	The	actively	synthesizing	DNA	is	complexed	with	many	proteins	as	part	

of	 a	 Reverse-Transcription	 Complex	 (RTC)	 the	 exact	 composition	 of	 which	 remains	

undetermined	172-174.	The	RTC	then	transitions	to	the	Pre-Integration	Complex	(PIC)	175-177	

and	is	imported	into	the	nucleus	through	the	nuclear	pore	complex	and	viral	integrase	ligates	

the	 viral	 cDNA	 into	 the	 host	 cell	 genomic	 DNA178.	 Once	 integrated	 into	 the	 genome,	 the	

provirus	acts	as	a	template	and	may	begin	transcription/viral	replication	immediately	under	

the	control	of	Tat	and	Rev	proteins	if	the	cell	is	activated	179;	or,	if	the	cell	is	not	activated,	

the	 provirus	 may	 remain	 latent	 and	 transcriptionally	 inactive	 thus	 serving	 as	 a	 viral	

reservoir	 until	 a	 later	 time	when	 the	 cell	 becomes	 activated	 180.	 Various	 viral	 genes	 are	

translated	in	the	cytoplasm	and	include	env	which	encodes	gp160	and	gag-pol	which	encodes	

Gag	and	Gag-Pol	polyproteins	with	enzymatic	proteins	protease	(PR),	reverse	transcriptase	

(RT)	and	integrase	(IN).	Gag,	Gag-Pol	and	Env	proteins	then	migrate	to	the	plasma	membrane	

and	Env	proteins	insert	into	the	plasma	membrane	to	facilitate	assembly	of	the	immature	

viral	 core	 181-183.	 Subsequently	 other	 viral	 enzymes,	 viral	 genomic	 RNA	 and	 cellular	

compounds	associate	with	the	immature	core	in	lipid	rafts	in	the	cell	membrane	184-187.	In	T	

cells	and	fibroblasts,	the	immature	core	complex	then	buds	through	the	plasma	membrane	

forming	an	 immature	virion.	However,	 in	macrophages	and	dendritic	 cells,	 the	 immature	

core	complex	buds	into	Multivesicular	Bodies	(MVB)	before	eventually	fusing	with	the	cell	

membrane	 and	 being	 released	 188.	 The	 further	 maturation	 of	 the	 virus	 occurs	 with	 the	

activation	of	PR	which	cleaves	Gag	and	Gag-Pol	to	form	structural	and	enzymatic	proteins.	

These	proteins	then	interact,	with	CA	and	NC	forming	the	nucleocapsid	and	mature	virus	to	

infect	new	cells	and	complete	the	viral	life	cycle;	it	is	estimated	that	10.3x109	viral	particles	

are	released	into	the	extracellular	fluid	of	HIV	infected	individuals	every	day	182,189-192.				
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	 There	are	many	host	restriction	factors	which	serve	to	attenuate	HIV-1	infection	and	

replication	at	various	points	in	the	HIV-1	lifecycle,	many	of	which	were	identified	in	genome-

wide	 RNA	 interference	 (RNAi)	 screens	 193-195.	 Examples	 of	 restriction	 factors	 include	

APOBEC3’s	196,	TRIM5a	197,	tetherin	198	and	miRs	199,200.	One	restriction	factor,	TNPO3,	plays	

an	important	yet	controversial	role	in	HIV-1	replication.	TNPO3	belongs	to	the	karyopherin	

family	of	nuclear	import	factors	and	serves	as	a	nuclear	import	receptor	for	serine/arginine-

rich	(SR)	proteins	such	as	splicing	factors	and	other	cargoes	201.	TNPO3	is	a	108	kDa	protein	

that	 is	 expressed	 in	 all	 human	 tissues	 and	 cell	 lines	 tested	 to	 date	 131.	 Initial	 studies	

investigating	 the	 connection	between	TNPO3	and	HIV-1	 characterized	TNPO3	as	directly	

promoting	nuclear	import	of	the	PIC	202-204,	while	others	show	evidence	of	TNPO3	interacting	

with	 the	 PIC	 after	 nuclear	 import	 205-208.	 TNPO3	 has	 been	 shown	 to	 interact	 with	 both	

integrase	 (IN)	 and	 capsid	 (CA)	 202,206,208,209,	 however	 further	 evidence	 supporting	 the	

interaction	 between	 TNPO3	 and	 integrase	 has	 not	 been	 found.	 Although	 it	 has	 been	

suggested	 that	 TNPO3	may	 interact	 directly	with	 the	 process	 of	 capsid	 uncoating	 in	 the	

cytoplasm	210,	and	TNPO3	has	a	role	in	restricting	HIV-1	replication,	the	exact	mechanism	

remains	undetermined.						

Another	cellular	factor	known	as	Cleavage	and	Polyadenlylation	specific	factor	6	or	

CPSF6	is	a	subunit	of	the	mammalian	cleavage	factor	I,	which	is	required	for	3’	RNA	cleavage	

and	polyadenylation	processing	211.		CPSF6	has	a	number	of	serine/arginine	repeats	at	the	

C-terminus	that	defines	the	SR	domain,	suggesting	a	direct	interaction	with	TNPO3	201,212.	

Indeed,	recent	studies	have	shown	that	either	mutation	of	the	SR	domain	in	CPSF6	(CPSF6-

358,	mutant	unable	to	interact	with	TNPO3)	or	inhibition	of	TNPO3	is	able	to	repress	HIV-1	

replication	202,209,213.	 It	has	been	shown	that	 	repression	of	HIV-1	replication	mediated	by	
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CPSF6	 is	 dependent	 upon	 binding	 to	 viral	 capsid	 (CA)	 protein	 since	 N74D	 and	 A77V	

mutations	in	CA	abrogate	CPSF6-mediated	HIV-1	restriction	214.	Lastly,	it	has	further	been	

shown	that	repression	of	HIV-1	replication	mediated	by	CPSF6	is	dependent	upon	binding	

to	capsid	since	CPSF6-358	mutants	which	do	not	interact	with	TNPO3	are	still	able	to	repress	

HIV-1	 replication	 (perhaps	 by	 altering	 kinetics	 of	 capsid	 uncoating	 and	 delaying	 nuclear	

import	of	PIC)	214,215.	This	suggests	an	overall	model	where	TNPO3	interacts	with	CPSF6	and	

localizes	it	to	the	nucleus	leading	to	lower	levels	of	CPSF6	in	the	cytoplasm,	freeing	up	HIV-

1	to	continue	capsid	uncoating	and	reverse	transcription	uninhibited.	

Nuclear	 import	 of	 HIV-1	 PIC	 represents	 a	 critical	 point	 in	 HIV-1	 replication	 and	

pathogenesis.	This	may	potentially	serve	as	a	natural	restriction	point	by	which	miRs	can	

regulate	multiple	cellular	targets	in	the	HIV-1	replication	pathway.		

	
7.	Synopsis	of	thesis	
	
	 The	 work	 presented	 in	 this	 thesis	 investigates	 the	 direct	 regulation	 of	 L1	

retrotransposons	as	well	as	regulation	of	cellular	targets	in	L1	retrotransposition,	and	HIV-

1	 replication	 pathways	 by	 miR-128.	 miR-128	 was	 initially	 identified	 using	 an	 anti-miR	

library	screen	with	a	LINE1	retrotransposition	reporter	construct.	miR-128	over	expression	

significantly	reduced	levels	of	L1	RNA,	protein	and	de	novo	retrotransposition	in	multiple	

cell	 types	 including	 cervical	 carcinoma,	 teratoma,	 and	 induced	 pluripotent	 cell	 lines.	

Conversely,	 inhibition	 of	 miR-128	 by	 expression	 of	 anti-miR-128	 results	 in	 significantly	

increased	L1	RNA,	protein	and	de	novo	retrotransposition.	Luciferase-binding	assays	show	

that	miR-128	binds	directly	to	a	seed	sequence	in	a	protein-coding	region	on	L1	and	direct	
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binding	of	miR-128	to	L1	RNA	was	confirmed	by	RNA-immunopurification	of	the	argonaute-

miR-RNA	 complex;	 this	 study	 is	 the	 first	 to	 show	 that	 miRs	 can	 regulate	 L1	

retrotransposition	and	has	 implications	 for	basic	science	as	well	as	possibly	reducing	the	

mutational	burden	in	cellular	therapeutics	(Chapter	2)		63.			

	 As	 miRs	 regulate	 their	 targets	 through	 multiple	 cellular	 pathways,	 TNPO1	 and	

hnRNPA1	 were	 identified	 as	 direct	 binding	 targets	 of	 miR-128	 that	 mediate	 L1	

retrotransposition.	 TNPO1	 was	 shown	 as	 a	 critical	 cellular	 target	 of	 miR-128	 that	 is	

responsible	for	import	of	the	L1	ORF1p	from	the	cytoplasm	into	the	nucleus.	Interference	of	

TNPO1	expression	using	RNAi	reduces	levels	of	L1	RNA,	protein,	de	novo	retrotransposition	

by	 a	 colony	 formation	 assay	 using	 a	 reverse-transcription/integration-dependent	 G418-

resistant	reporter	construct,	and	localization	of	L1	ORF1p	to	the	nucleus	whereas	ectopic	

expression	of	TNPO1	 increases	L1	retrotransposition	by	 the	same	assays.	Ectopic	TNPO1	

expression	 in	 miR-128	 treated	 cells	 is	 able	 to	 rescue	 levels	 of	 L1	 RNA,	 de	 novo	

retrotransposition	and	localization	of	L1	ORF1	protein	to	the	nucleus	(Chapter	3).	Likewise,	

hnRNP	 A1	 was	 identified	 as	 an	 additional	 cellular	 target	 of	 miR-128	 in	 the	 L1	

retrotransposition	pathway.	Interference	of	hnRNP	A1	using	RNAi	reduces	levels	of	L1	RNA,	

L1	 protein,	 and	 de	 novo	 retrotransposition,	 whereas	 ectopic	 expression	 of	 hnRNP	 A1	

increased	levels	of	L1	RNA,	L1	protein	and	de	novo	retrotransposition.	(Chapter	4).	

	 Lastly,	 repression	 of	 TNPO3	was	 identified	 by	 others	 to	 restrict	HIV-1	 replication	

through	 CPSF6.	 Our	 studies	 show	 that	 miR-128	 represses	 TNPO3	 by	 a	 direct	 binding	

mechanism	that	is	capable	of	inhibiting	HIV-1	replication	in	both	cell	lines	and	primary	CD4+	

T	cells	(Chapter	5).		
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Chapter	2	
	

miR-128	represses	L1	retrotransposition	by	binding	directly	to	L1	
RNA	

	
This	work	has	been	published	 in	 Idica	A*,	Hamdorf	M*,	Zisoulis	D*,	Gamelin	L,	Martin	C,	
Sanders	K,	Pedersen	IM.	miR-128	represses	L1	retrotransposition	by	binding	directly	to	L1	
RNA.	Nature	Structural	and	Molecular	Biology.		22(10),	824-831	(2015).		
	
*These	authors	contributed	equally	to	this	work	

	

	

	

	

ABSTRACT	

Long	 interspersed	 element	 (LINE-	 or	 L1)	 retrotransposons	 compose	 7%	 of	 the	

human	genome.	Active	L1	elements	are	capable	of	replicative	transposition	(mobilization)	

and	 can	 act	 as	 drivers	 of	 genetic	 diversity.	 However,	 this	mobilization	 is	mutagenic	 and	

may	be	detrimental	to	the	host,	and	therefore	it	is	under	strict	control.	Somatic	cells	usually	

silence	L1	activity	by	DNA	methylation	of	the	L	promoter.	In	hypomethylated	cells,	such	as	

cancer	 cells	 and	 induced	 pluripotent	 stem	 cells	 (iPSCs),	 a	window	 of	 opportunity	 for	 L1	

reactivation	 emerges,	 and	 with	 it	 comes	 an	 increased	 risk	 of	 genomic	 instability	 and	

tumorigenesis.	 Here	 we	 show	 that	 miR-128	 represses	 new	 retrotransposition	 events	 in	

human	cancer	cells	and	iPSCs	by	binding	directly	to	L1	RNA.	Thus,	we	have	identified	and	

characterized	 a	 new	 function	 of	microRNAs:	mediating	 genomic	 stability	 by	 suppressing	

the	mobility	of	endogenous	retrotransposons.		
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INTRODUCTION	

microRNAs	(miRs)	are	a	class	of	small	(~22nt)	genomically-encoded	molecules	that	

inhibit	translational	initiation	and	stimulate	decay	of	mRNA	targets1,2.	miRs	are	transcribed	

by	 RNA	 Polymerase	 II	 and	 processed	 by	 the	 RNAse	 III	 enzymes,	 Drosha	 and	 its	 binding	

partner	 DGCR8	 and	 Dicer,	 to	 produce	 short	 double-stranded	 RNAs	 in	 the	 nucleus.	 One	

strand	 associates	with	 the	 Argonaute	 (Ago)	 protein	 forming	 the	miR-mediated	 silencing	

complex	 (miRISC).	 miRs	 guide	 miRISC	 to	 pair	 with	 imperfect	 complementarity	 to	

sequences	in	target	mRNAs,	resulting	in	their	subsequent	destabilization	and	translational	

repression3.	 The	 “seed	 sequence”,	 nts	 2–8,	 is	 a	 key	 determinant	 for	 miRISC	 target	

recognition4,5.	Recent	data	show	that	35–40%	of	miR	binding	sites	are	found	in	the	3’UTRs,	

40–50%	in	coding	regions	(CRS)	and	<5%	in	the	5’UTR	mRNA	regions6,7.	Greater	than	60%	

of	 the	 human	 transcriptome	 is	 predicted	 to	 be	 under	 miR	 regulation	 making	 this	 post-

transcriptional	control	pathway	as	important	as	proteins	in	the	regulation	of	cell	functions2	

and	 it	 is	 clear	 that	 miRs	 have	 vital	 roles	 in	 regulating	 diverse	 functions	 in	 normal	 and	

diseased	cells8,9.		

L1	 belongs	 to	 the	 most	 abundant	 class	 of	 autonomous	 transposable	 elements10.	

Human	 L1	 contains	 two	 open-reading	 frames,	 ORF1	 and	ORF2,	which	 encodes	 a	 protein	

with	 RNA-binding	 and	 nucleotide	 acid	 chaperone	 activity	 (ORF1)11	 and	 a	 protein	 with	

endonuclease	 and	 reverse	 transcriptase	 activities	 (ORF2)12-15.	 L1	 mobilizes	 replicatively	

from	one	place	in	the	genome	to	another	by	a	“copy	and	paste”	mechanism,	and	has	been	

proposed	 to	 be	 a	 remnant	 of	 an	 ancient	 retrovirus12,16.	 Active	 and	 inactive	 L1s	 are	

implicated	 in	 the	 evolution	 of	 mammalian	 genomes	 and	 linked	 to	 cell-based	 diseases,	

including	 cancer17-19.	 In	 addition,	 somatic	 L1	 insertions	 are	 biased	 towards	 regions	 of	
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cancer	specific	DNA	hypomethylation,	suggesting	that	L1	insertions	may	provide	a	selective	

advantage	 during	 tumorigenesis20.	 Mechanisms	 that	 operate	 at	 different	 levels	 in	 gene	

expression	hierarchies	have	been	selected	to	control	transposition-mediated	mutagenesis	

and	 mitigate	 the	 potential	 negative	 impact	 of	 newly-inserted	 elements.	 In	 germ	 cells	

specific	small	RNA	subtypes	(piRNAs)	efficiently	counteract	L1	activity,	but	these	RNAs	are	

not	 expressed	 in	 non-germ	 cells21,22.	 Somatic	 cells	 preferentially	 attenuate	 element	

mobilization	 by	 DNA	 methylation	 of	 the	 L1	 promoter23.	 Other	 methods	 of	 regulation	

include	 that	 of	 APOBEC	 proteins24,25,	 microprocessor	 interactions26	 and	 Ago-mediated	

RNAi	 in	 mESCs	 27.	 L1	 promoter	 silencing	 is	 greatly	 attenuated	 and	 L1	 transcription	 is	

reactivated	in	hypomethylated	cells	such	as	cancer	cells,	tumor	initiating	cells,	and	during	

reprogramming28-30.	 Since	 miRs	 act	 as	 regulators	 of	 gene	 expression	 and	 in	 anti-viral	

defense	mechanisms,	we	posited	that	they	may	also	protect	non-germ	cells	from	encoded	

pathogenic	assaults,	such	as	L1	retrotransposition.		

Our	 results	 demonstrate	 that	 miRs	 indeed	 bind	 directly	 to	 L1	 ORF2	 RNA,	 thus	

leading	 to	 a	 decrease	 in	 full	 length	 L1	 RNA,	 as	 well	 as	 a	 decrease	 in	 de-novo	

retrotransposition	and	integration	events.	Thus,	we	have	uncovered	a	novel	mechanism	of	

miRs,	which	 restrict	 L1	mobilization	 and	 L1	 associated	mutations	 in	 cancer	 cells,	 cancer	

initiating	cells	and	iPSCs.		
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RESULTS	

RNA-only	reprogramming	strategy		

We	have	developed	an	efficient	RNA-only	(miRs	and	mRNA)	reprogramming	strategy,	as	a	

mean	to	obtain	high	quality	 iPS	cells	 from	skin	 fibroblasts	 (RNA-iPSCs)	(Fig	1A).	 In	brief,	

RNA-iPSCs	are	reprogrammed	 from	human	skin	 fibroblasts	by	a	single	 transfection	of	an	

miR	 cocktail	 (miR-200c,	 miR-302a-d	 and	 miR-369)31	 followed	 by	 daily	 transfections	 of	

mature	mRNA	transcripts	encoding	Klf4,	Oct4,	Sox2,	c-Myc	and	Lin28	for	10–12	days	until	

mature	 iPSC	colonies	 formed	 (Fig	1B)32.	The	RNA-iPSCs	express	 the	 cell	 surface	proteins	

TRA-1-60	 and	 SSEA4	 and	 the	 mRNAs	 of	 the	 transcription	 factor	 genes,	 POU5F1	 (Oct4),	

NANOG,	LIN28,	SOX2,	DNMT3B,	FOXD3	and	TERT,	which	are	associated	with	pluripotency,	

at	 abundance	 levels	 similar	 to	 those	 found	 in	 hES	 cells	 (H9	 cells)	 and	 commercially-

available	iPSC	lines	(IMR-90)	(Fig	1B,	C,	D).		

	

iPSCs	express	elevated	ORF2	levels		

iPSCs	 and	 human	 embryonic	 stem	 cells	 (hESCs)	 are	 characterized	 by	 a	 global	 genomic	

hypomethylation	 state	 as	 well	 as	 a	 proposed	 specific	 hypomethylation	 of	 the	 L1	

promoter28.	We	tested	L1	activity	in	the	generated	iPSC	lines	(RNA-iPSCs)	alongside	IMR90,	

H9	and	a	teratoma	cell	 line	(Tera-1).	We	found	that	all	 lines	express	orders	of	magnitude	

increased	L1	RNA	as	compared	to	parental	skin	(hBJ)	cells	(Fig	1E).	These	results	support	

the	conclusion	that	reprogramming	by	different	methodologies	renders	cells	vulnerable	to	

genomic	instability	caused	by	retrotransposition.		
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Figure	 1:	 L1	 activity	 is	 derepressed	 in	 hESCs,	 iPSCs	 and	 in	 teratoma	 cells.	 (A)	
Schematic	 diagram	 of	 the	 RNA-only  reprogramming	 protocol	 in	 human  fibroblasts.	
Human	 BJ	 foreskin	 fibroblasts  (hBJ)	 are	 reprogrammed	 into	 RNA-iPSCs  by	 initial	
transfection	with	a	cocktail	of  miRs	(miR-200c,	miR-302s	and	miR-369  family);	 this	 is	
followed	 by	 transfection	 of  transcription-factor	mRNAs	 (encoding	 Klf4,  Oct4,	 Sox2,	 c-
Myc	 and	 Lin28)	 for	 10–12	d.  (B)	 Phase-contrast	 images	 of	 RNA-iPSCs	 on  days	 3,	 5,	 8	
and	10	of	reprogramming.  Immunofluorescence	staining	of	RNA-iPSCs	on	day	10	for	the	
surface	pluripotency-associated	markers	TRA-1-60	and	SSEA-4.	 Scale	bars,	 400	μm.  (C)	
mRNA	 expression	 levels,	 determined	 by	 RT-PCR,	 of	 the	 pluripotency-associated	 genes	
OCT4,	 NANOG,	 LIN28A,	 SOX2,	 DNMT3B,	 FOXD3	 and	 TERT	 relative	 to	 β-2-microglobulin	
(B2M)	 mRNAs	 in	 H9	 hESCs,	 IMR90-1	 iPSCs,	 RNA-iPSCs	 and	 hBJ	 fibroblasts.	 One	
representative	experiment	of	three	is	shown.	(D)	Quantification	of	mRNA	levels	of	NANOG,	
SOX2	and	OCT4	 in	hBJ	 fibroblasts,	H9	hESCs,	 IMR90-1	iPSCs	and	seven	RNA-iPSC	lines	by	
qPCR,	normalized	to	B2M.	(n	=	2	technical	replicates;	bars	represent	range	of	values).	(E)	
Quantification	of	L1	ORF2	RNA	in	hBJ	fibroblasts,	Tera-1	teratoma	cells,	H9	hESCs,	IMR90-1	
iPSCs	 and	 three	RNA-iPSC	 lines	 by	 qPCR,	 normalized	 to	B2M	 (n	=	2	 technical	 replicates;	
bars	 represent	 range	 of	 values).	 Credit:	A,B	 Charles	 Martin;	 C,	 Matthias	 Hamdorf;	D,	 E,	
Adam	Idica.		
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Identification	of	retrotransposition	repressor	miRs	

We	have	shown	previously	 that	miRs	can	directly	 target	hepatitis	C	viral	RNA	 to	 repress	

viral	 replication33,	 raising	 the	 possibility	 that	miRs	 could	 similarly	 repress	 L1	 activity	 in	

hypomethylated	 somatic	 cells.	 Furthermore,	 three	 of	 the	main	 proteins	 involved	 in	miR	

biogenesis	and	miR	function	(Dicer,	DGCR8	and	Ago),	when	depleted	in	different	cell	types,	

all	result	in	significantly	increased	L1	activity26,27.	To	test	whether	miRs	regulate	L1	activity	

in	somatic	cells	a	 lentiviral-based	knockdown	strategy	was	designed	in	which	 libraries	of	

expressed	shRNAs	with	anti-miR	activity	were	used	to	neutralize	endogenous	miRs	in	HeLa	

cells.	 This	 approach	 favors	 a	 physiologically-relevant	 response	 by	 avoiding	 potential	

artifacts	 resulting	 from	 ectopic	 overexpression	 of	miR-mimic	 library	 screens.	 A	 reporter	

construct	encoding	 the	 full-length	L1	mRNA	and	a	 luciferase	 retrotransposition	 indicator	

cassette	 was	 used	 to	 identify	 miRs	 involved	 in	 repressing	 L1	 activity34.	 The	 luciferase	

protein	can	be	translated	into	a	functional	enzyme	only	after	retrotransposition	of	a	spliced	

L1	transcript,	thus	allowing	the	quantification	of	cells	with	new	retrotransposition	events	

in	 culture34.	 Co-transfection	 of	 a	 Renilla	 reporter	 construct	 was	 used	 to	 normalize	 for	

potential	differences	 in	 cell	 proliferation.	Transient	 transfection	of	 the	 reporter	plasmids	

into	 the	 isolated	 shRNA	 anti-miR-transduced	 HeLa	 clones	 identified	 clones	 with	

significantly	higher	luciferase	activity,	indicative	of	enhanced	L1	retrotransposition	activity	

(Fig	2A).	Anti-miR-128	was	identified	twice	in	independent	clones	as	having	the	capacity	to	

derepress	L1	activity	at	a	significant	 level	(Fig	2A).	We	verified	that	HeLa	cells	expresses	

miR-128	(Supplementary	Fig	1)	and	the	primary	screen	data	was	validated	by	generating	

anti-miR-128	 shRNA	 high-titer	 lentiviruses,	 which	 were	 transduced	 into	 HeLa	 cells	 and	

then	puromycin	selected.	A	highly	significant	increase	in	luciferase	activity	was	observed	in	
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anti-miR-128	 expressing	 cells	 compared	 to	 cells	 expressing	 endogenous	 miR-128	 cells	

(positive	control)	or	cells	that	were	not	transduced	with	the	reporter	construct	(negative	

control)	indicating	that	the	neutralization	of	miR-128	strongly	derepressed	L1	activity	(Fig	

2B).	 In	 addition,	 we	 characterized	 the	 effect	 of	 miR-128	 neutralization	 by	 quantifying	

colony	 formation	 using	 essentially	 the	 same	 methodology	 with	 a	 transcription	 and	

translation	 cassette	 based	 on	 the	 neomycin-resistance	 gene	 (G418)35	 instead	 of	 the	

luciferase	gene	(Fig	2C).	The	colony	formation	assay	also	is	a	functional	assay	reflecting	the	

in	vivo	levels	of	retrotransposition	and	integration	into	the	genome;	neomycin	resistance	is	

only	 conferred	 by	 active	 retrotransposition	 and	 an	 integration	 event.	 We	 observed	 an	

~200%	increase	 in	the	number	of	neomycin-resistant	colonies	 in	cells	with	anti-miR-128	

relative	to	HeLa	cells	with	endogenous	miR-128	levels	(control),	indicating	higher	rates	of	

L1	 activity	 and	 active	 retrotransposition	 in	 cells	where	miR-128	 is	 neutralized	 (Fig	 2C).	

Lastly,	we	quantified	the	relative	levels	of	L1	ORF2	RNA	(L1	RNA	can	in	principle	be	either	

genomic	 RNA	 or	 mRNA)	 by	 qPCR	 analysis	 in	 cells	 transduced	 stably	 with	 anti-miR-128	

compared	to	cells	with	endogenous	miR-128	levels	(positive	control).	To	augment	the	low	

endogenous	L1	 levels,	we	transfected	HeLa	cells	expressing	anti-miR-128	or	not	with	the	

L1	construct	encoding	the	full-length	L1	RNA,	driven	by	the	L1	native	promoter	(pWA355).	

We	observed	~600%	higher	levels	of	L1	ORF2	RNA	compared	to	cells	that	did	not	express	

anti-miR-128	(positive)	or	the	L1	transcript	itself	(negative)	controls	as	normalized	to	the	

beta-2-microglobulin	 gene	 levels	 (Fig	 2D).	 These	 combined	 data	 support	 the	 conclusion	

that	 neutralization	 of	 endogenously	 expressed	 miR-128	 results	 in	 increased	 L1	

retrotransposition	and	integration	activity.	
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Figure	 2:	 Identification	 of	 miRs	 that	 regulate	 L1	 retrotransposition.	 (A)	 Result	 of	
primary	screen	determining	L1	retrotransposon	activity	 in	each	well	of	HeLa	cell	 library.	
For	 the	 library,	 HeLa	 cells	 were	 transduced	 using	 a	 lentiviral-based,	 miR-neutralizing	
shRNA	library,	selected	and	clonally	expanded.	Each	well	represents	the	neutralization	of	a	
single	 endogenously	 expressed	 miR.	 Lines	 (---	 and	 •••)	 indicate	 luciferase	 activity	 for	
positive	(reporter	plasmid	in	non-transduced	HeLa	cells)	and	negative	controls	(untreated,	
untransduced	 HeLa	 cells)	 respectively.	 Anti-miR-128	 expression	 (highlighted	 by	 boxes)	
correlated	with	significantly	higher	 luciferase	activity	relative	to	controls	and	was	cloned	
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out	 from	 two	 independent	 wells	 with	 100%	 sequence	 identity.	 Data	 shown	 as	 mean	 of	
relative	luciferase	activity	against	negative	control	(n=3,	independent	biological	replicates).	
(B-D)	Secondary	 screen	 using	 HeLa	 cells	 lentivirally-transduced	 with	 anti-miR-128	 or	
control	 sequences	 transfected	 with	 L1-reporter	 plasmids	 (pWA355	 in	 B	 and	 D,	
pJM101/L1RP	in	C).	L1	mobility	was	determined	48	hours	later.	The	L1	construct	encodes	
the	full-length	L1	mRNA	with	an	incorporated	reporter	and	was	transfected	into	HeLa	cells	
to	 augment	 low	 endogenous	 L1	 levels	 (positive	 control).	 (B)	 Relative	 luciferase	 activity	
normalized	to	the	negative	control	(n=3,	p-values	against	controls,	independent	biological	
replicates).	 	(C)	Change	in	colony	count	of	neomycin-resistant	foci	was	used	to	determine	
the	level	of	active	retrotransposition	of	L1.	Results	shown	as	percent	change		±	SEM	(n=3,	
independent	 biological	 replicates).	 (D)	 Relative	 expression	 levels	 of	 ORF2	 RNA	 as	
determined	by	qPCR	and	normalized	to	B2M	(n=3,	p-values	against	controls,	 independent	
biological	replicates).	Credit:	A-D,	Matthias	Hamdorf		
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miR-128	is	a	specific	modulator	of	L1	activity		

While	 bioinformatics	 analyses	 failed	 to	 identify	 perfect	 seed	matches	 in	 the	 3’UTR	 of	 L1	

mRNA,	 they	 revealed	 a	 potential	 non-canonical	 miR-128	 seed	 sequence	 in	 the	 coding	

region	(ORF2)	of	L1	mRNA	(Fig	3A).	We	determined	the	effects	of	miR-128	neutralization	

or	 overexpression	 on	 the	 levels	 of	 L1	 transcript	 and	 retrotransposition	 activity	 by	

transducing	HeLa	cells	with	constructs	expressing	miR-128	mimics,	anti-miR-128	shRNAs	

or	 control	 sequences.	 Since	 HeLa	 cells	 express	 low	 levels	 of	 endogenous	 L1	 activity,	 we	

transiently	transfected	a	construct	(pJM101/L1RP)	encoding	the	full-length	wild-type	(WT)	

L1,	which	is	strongly	enhanced	by	the	CMV	promoter,	and	monitored	the	effects	of	miR-128	

or	 anti-miR-128	 on	 L1	 RNA.	 Stably-transduced	 cells	 expressing	 anti-miR-128	 exhibited	

significantly	 higher	 levels	 of	 L1	 RNA	 relative	 to	 the	 control	 sequence,	 as	 endogenously	

expressed	miR-128	 levels	were	neutralized	and	L1	RNA	 therefore	was	de-repressed	 (Fig	

3B).	 Conversely,	 cells	 expressing	 miR-128	 repressed	 L1	 RNA	 expression	 compared	 to	

controls	 (Fig	 3B).	 To	 exclude	 the	 possibility	 that	 miR-128	 overexpression	 over	

physiological	 levels	may	 lead	 to	 secondary	 effects	 of	 lentiviral	miR-128	modulation	 that	

could	confound	the	results,	we	transfected	anti-miR-128	oligonucleotides	or	synthetic	miR-

128	 mimics	 into	 HeLa	 cells	 and	 determined	 L1	 ORF2	 RNA	 expression	 48	 hours	 later.	

Significant	derepression	of	L1	ORF2	RNA	was	observed	in	cells	transfected	with	anti-miR-

128	 oligonucleotide	 (Fig	 3B)	 while	 repression	 of	 L1	 ORF2	 RNA	 was	 observed	 in	 cells	

transfected	with	the	synthetic	miR-128	mimic	(Fig	3B).	In	addition,	we	tested	the	effect	of	

miR-128	on	full-length	(FL)	L1	RNA,	by	analyzing	expression	levels	of	5’UTR	and	ORF1	of	

L1,	 in	 addition	 to	 ORF2,	 in	 HeLa	 cells	 stably	 transduced	with	miR-128,	 anti-miR-128	 or	

control	miRs.	Significantly	decreased	levels	of	5’UTR,	ORF1	and	ORF2	RNA	was	observed,	



	 46	

in	 cells	 in	which	miR-128	was	overexpressed	 (Fig	3C),	while	 cells	 in	which	miR-128	had	

been	neutralized	showed	significantly	higher	5’UTR,	ORF1	and	ORF2	expression	levels	(Fig	

3C).	 To	 establish	 that	miR-128	 indeed	 regulates	 the	 full-length	 transcript,	we	performed	

semi-quantitative	RT-PCR,	analyzing	 the	expression	 levels	of	 the	FL	6kb	L1	RNA	 in	HeLa	

cells,	in	which	L1	was	introduced.	anti-miR-128	enhanced	FL	L1	RNA	(Fig	3D)	and	miR-128	

potently	decreased	FL	L1	RNA	expression	levels	as	compared	to	a	miR-control	(Fig	3D).	We	

verified	 that	 miR	 modulated	 HeLa	 cells	 indeed	 over-expressed	 (miR-128)	 or	 expressed	

reduced	levels	of	miR-128	(anti-miR-128)	by	performing	miR-128	specific	qPCR	as	well	as	

analyzing	effects	on	an	additional	downstream	miR-128	target	(Bmi136)	(Supplemental	Fig	

2).	 In	addition,	we	verified	that	the	L1	plasmid	was	introduced	into	miR-expressing	HeLa	

cells	at	equal	levels	by	quantifying	levels	of	construct	backbone	(hygromycin)	by	qPCR	and	

by	colony	formation	assays	(Supplemental	Fig	3).	L1	ORF1	protein	levels	also	were	higher	

than	 controls	 in	 anti-miR-128	 transfected	 cells,	 and	 lower	 in	 miR-128	 transfected	 cells	

consistent	with	RNA	abundance	(Fig	3E).	Furthermore,	cells	transduced	with	anti-miR-128	

exhibited	a	significantly	higher	number	of	neomycin-resistant	colonies	relative	to	controls,	

and	miR-128	 transduced	 cells	 had	 highly	 significantly	 lower	 number	 neomycin-resistant	

colonies	 consistent	with	 lower	 rates	of	 retrotransposition	 (Fig	3F).	These	 combined	data	

support	the	conclusion	that	miR-128	induction	or	neutralization	results	in	a	corresponding	

decrease	or	increase	in	L1	RNA,	protein	and	retrotransposition,	respectively,	and	establish	

a	 role	 of	miR-128	 as	 a	 specific	modulator	 of	 L1	 activity.	 Tera-1	 cells	 are	 derived	 from	 a	

testicular	 teratoma	 and	 have	 high	 endogenous	 levels	 of	 L1	 activity15	 (and	 Fig1E	 and	

Supplemental	Fig	1).	We	used	Tera-1	cells	as	a	proof	of	principle.	We	predict	that	if	we	can	

use	miR-128	to	achieve	significant	reduction	of	L1	activity	in	a	L1	high	expressing	cell	type,	
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then	 miR-128	 will	 likely	 reduce	 L1	 activity	 in	 other	 cancer	 cell	 lines,	 as	 well.	 Stably	

transduced	 Tera-1	 cells	 expressing	 anti-miR-128	 shRNAs	 significantly	 derepressed	 L1	

ORF2	 RNA	 expression	 and	 miR-128	 significantly	 repressed	 L1	 ORF2	 RNA	 expression	

relative	 to	 controls	 (Fig	 3G).	 Transient	 transfection	 of	 anti-miR-128	 versus	 miR-128	

(Supplemental	Fig	2)	and	quantification	of	full-length	L1	RNA	(data	not	shown)	confirmed	

these	 results.	 Furthermore,	 as	 tumor	 initiating	 cells	 can	 drive	 tumor	 progression37,	

regulation	of	L1	 induced	mutagenesis	of	such	cell	 types	would	be	of	 importance.	We	find	

that	 miR-128	 transient	 transfection	 of	 colon	 cancer	 initiating	 cells	 (CCICs)	 significantly	

reduced	L1	RNA	expression,	whereas	miR-128	neutralization	by	anti-miR-128	enhanced	L1	

RNA	expression	relative	to	controls	(Fig	3H).	In	addition,	we	analyzed	the	effect	of	miR-128	

on	 L1	 activity	 in	 additional	 two	 tumor	 cell	 lines	 (Non-small	 cell	 lung	 cancer	NSCLC	 cells	

(H23)	and	transformed	Human	Embryonic	Kidney	cells	(HEK	293T)).	As	expected	miR-128	

regulates	L1	RNA	expression	 in	H23	and	293T	 cells	 in	 a	 similar	manner	 as	observed	 for	

HeLa,	 Tera-1	 and	CCIC	 cells	 (Supplemental	 Fig	 2).	 In	 summary	 these	 results	 support	 the	

conclusion	that	miR-128	is	a	specific	modulator	of	induced	as	well	as	endogenous	L1	RNA	

levels	in	cancer	cells,	teratoma	cells	and	colon	cancer	initiating	cells	(CCICs)	and	that	miR-

128	 in	 addition	 regulates	L1	ORF1	protein	 levels	 and	de-novo	L1	 retrotransposition	 and	

integration.	
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Figure	3:	miR-128	represses	L1	activity	whereas	miR-128	neutralization	derepresses	
L1	 retrotransposition	 in	 cell	 lines.	 (A)	Schematic	 of	 potential	miR-128–binding	 site	 in	
ORF2	of	L1	RNA.	(B)	Relative	RNA	levels	of	L1	ORF2	RNA	in	HeLa	cells	stably	transduced	
with	miR	constructs	and	L1-Neo	reporter	plasmid	(pJM101/L1RP).	Error	bars,	s.e.m.	(n	=	4	
independent	cell	cultures	and	experiments).	(C)	Relative	levels	of	FL	L1	RNA	(5′	UTR,	ORF1	
and	ORF2)	in	stably	transduced	HeLa	cells.	Error	bars,	s.d.	(n	=	3	technical	replicates). (D)	
Semiquantitative	 RT-PCR	 analysis	 of	 FL	 L1	 RNA	 (6	 kb)	 in	 stably	 transduced	 HeLa	 cells.	
Relative	 levels	 are	 quantified.	 One	 representative	 experiment	 of	 three	 is	 shown.	 (E)	
Immunoblot	analysis	of	ORF1	and	α-tubulin	protein	levels	in	stably	transduced	HeLa	cells,	
48	 h	 after	 transfection.	 Relative	 levels	 are	 quantified.	 (F)	 Number	 of	 neomycin-resistant	
colonies	as	a	measure	of	active	L1	retrotransposition,	shown	as	percentage	change	relative	
to	control.	Error	bars,	s.e.m.	(n	=	4	independent	cell	cultures	and	experiments).	(G)	Relative	
ORF2	RNA	levels	in	Tera-1	cells	stably	transduced	with	miR	constructs.	Error	bars,	s.e.m.	(n	
=	3	 independent	 cell	 cultures	 and	 experiments	 for	 anti–miR-128;	n	=	5	 independent	 cell	
cultures	and	experiments	for	miR-128).	(H)	Relative	expression	levels	of	the	ORF2	RNA	in	
CCICs	transiently	transfected	with	miR	mimics.	Error	bars,	s.d.	(n	=	4	technical	replicates).	
Throughout	 figure,	 *P	 <	 0.05;	 **P	 <	 0.01;	 ***P	 <	 0.001;	 ****P	 <	 0.0001	 by	 two-tailed	
Student’s	t	test.	Credit:	A,	D,	E,	Matthias	Hamdorf;	B,	C,	F,	G,	H,	Adam	Idica.	
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miR-128	represses	L1	activity	in	iPSCs	

Finally,	 we	 wished	 to	 determine	 if	 miR-128	 could	 be	 used	 as	 a	 tool	 to	 reduce	 the	 high	

retrotransposition	activity	observed	in	iPS	cells	(Fig	1E).	miR-128	significantly	reduced	L1	

ORF2	RNA	expression	in	three	out	of	four	iPS	cells	lines	(reprogrammed	with	KOSM	factors	

or	 RNA	 transfections),	 as	 compared	 to	 parental	 miR-control	 iPS	 cell	 lines	 (Fig	 4A).	 In	

contrast,	 anti-miR-128	 significantly	 enhanced	 L1	 ORF2	 RNA	 expression	 of	 all	 four	 iPSC	

lines	 as	 compared	 to	 parental	miR-control	 iPSCs	 (Fig	 4A).	 Verifications	 of	 endogenously	

expressed	miR-128,	as	well	as	expression	levels	of	miR-128	in	miR-128-iPS	and	anti-miR-

128-iPS	 cell	 lines	 were	 performed	 as	 previously	 described	 (Supplemental	 Fig	 2,3	 and	

Supplemental	Fig	4).	We	next	 tested	the	effect	of	miR-128	modulation	on	 full-length	(FL)	

L1	 RNA	 degradation,	 as	 determined	 by	 expression	 levels	 of	 5’UTR,	 ORF1	 and	 ORF2	 by	

qPCR,	in	iPS	cells	and	found	that	miR-128	significantly	reduced	the	expression	level	of	FL	

L1	RNA	(Fig	4B)	and	that	anti-miR-128	significantly	increased	the	expression	level	of	FL	L1	

RNA	(Fig	4B).	In	addition,	miR-128	reduced	L1	ORF1	protein	expression	and	anti-miR-128	

enhanced	ORF1	protein	levels	of	iPS	cells	as	determined	by	Immunoblot	analysis	(Fig	4C).	

Finally	we	wished	to	determine	de-novo	retrotransposition	events	in	iPS	cells.	To	this	end	

we	generated	stable	miR-128,	anti-miR-128	and	control-miR	 iPS	cell	 lines,	 into	which	we	

introduced	the	neomycin	resistance	L1	cassette	and	measured	new	retrotransposition	and	

integration	events	of	L1	in	iPS	cells.	miR-128	significantly	reduced	retrotransposition	and	

integration	 of	 L1	 into	 the	 genome	 of	 iPS	 cells	 (Fig	 4D),	 and	 neutralization	 of	 miR-128	

strongly	increased	retrotransposition	as	determined	by	colony	formation	assays	(Fig	4D).	

These	results	 suggests	 that	miR-128	 is	a	 specific	 regulator	of	endogenous	L1	RNA	 levels,	
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regulates	L1	ORF1	protein	levels	and	de-novo	retrotransposition	and	integration	of	L1	into	

the	genome	of	iPS	cells.	
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Figure	4:	miR-128	represses	L1	activity	whereas	miR-128	neutralization	derepresses	
L1	 retrotransposition	 in	 iPSCs.	 (A)	 Relative	 expression	 levels	 of	 ORF2	 RNA	 in	 iPSCs	
(IMR90,	RNA-iPSC-1,	-3	and	-7),	transiently	transfected	with	miR	mimics	or	inhibitors		(n=3	
RNA-iPSC-7	anti-miR-128,	n=4	 for	all	others,	 independent	biological	 replicates).	(B)	Full-
length	L1	RNA	expression	levels	were	determined	in	iPSCs	transiently	transfected	with	miR	
mimics	or	 inhibitors	by	performing	5’	UTR,	ORF1	and	ORF2	qPCR	analysis	(n=3	for	RNA-
iPSC	 L1	 ORF2	 in	 miR-128	 and	 anti-miR-128	 v	 controls,	 n=4	 for	 all	 others,	 independent	
biological	replicates).	(C)	Immunoblot	analysis	of	ORF1	and	Tubulin	protein	levels	in	lysate	
from	iPS	cells	transduced	with	miR	constructs,	48	hours	post	L1-Neo-reporter	transfection,	
and	 quantification	 of	 results.	 (D)	 Change	 in	 colony	 count	 in	 iPSCs	 transduced	with	miR	
constructs	 and	 transfected	 with	 the	 L1-Neo-reporter	 plasmid	 using	 neomycin-resistant	
colonies	 as	 a	 measure	 of	 active	 L1	 retrotransposition,	 shown	 as	 percent	 change	 (n=4,	
independent	 biological	 replicates).	 Error	 bars,	 s.e.m.	 (n	 =	 3	 independent	 experiments).	
Throughout	 figure,	 *P	<	0.05;	 ***P	<	0.001;	 ****P	<	0.0001	by	 two-tailed	Student’s	 t	 test.	
Credit:	A,	B,	Adam	Idica;	C,	D,	Matthias	Hamdorf.	
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miR-128	represses	L1	activity	by	directly	binding	to	L1	RNA		

miR-128	 could	 regulate	 L1	 expression	 by	 directly	 interacting	 with	 L1	 RNA,	 regulating	

expression	of	other	proteins	that	regulate	L1,	or	both.	To	address	the	possibility	that	miR-

128	directly	interacts	with	L1	RNA,	a	silent	mutation	was	introduced	into	the	putative	miR-

128	 binding	 site	 in	 ORF2	 of	 L1	 RNA	 (Supplemental	 Fig	 5).	 Luciferase	 activity	 was	

significantly	 lower	 than	 controls	 in	 HeLa	 cells	 transfected	 with	 the	 wild-type	 (WT)	 L1	

construct	and	mature	miR-128,	supporting	the	conclusion	that	miR-128	can	bind	to	the	WT	

L1	 RNA	 sequence	 and	 prevent	 retrotransposition	 (Fig	 5A).	 In	 contrast,	 HeLa	 cells	

transfected	 with	 the	 mutant	 L1	 RNA	 binding	 site	 and	 mature	 miR-128,	 or	 control	 miR	

mimics,	exhibited	luciferase	activity	at	the	same	levels	as	the	WT	L1	and	miR-control	cells,	

consistent	with	miR-128	 no	 longer	 binding	 and	 repressing	 reporter	 gene	 expression.	 As	

expected,	L1	RNA	with	a	perfect	match	for	the	miR-128	binding	site	was	strongly	repressed	

by	 miR-128	 (Fig	 5A).	 To	 extend	 the	 analysis,	 the	 miR-128	 binding	 site	 mutation	 was	

introduced	into	the	L1	construct	used	in	Fig	3	to	boost	the	levels	of	L1	RNA	in	HeLa	cells.	

The	WT	or	mutated	miR-128	binding	site	L1	expression	constructs	were	transfected	 into	

HeLa	 cells	 stably	 transduced	 with	 miR-128,	 anti-miR-128	 shRNA	 or	 miR-control.	

Consistent	 with	 previous	 results,	 anti-miR-128	 derepressed	 L1	 ORF2	 RNA	 expression	

levels	 and	miR-128	 repressed	 L1	ORF2	RNA	 expression	 levels	when	 the	WT	L1	 plasmid	

was	 transfected	 into	 HeLa	 cells	 (Fig	 5B).	 In	 contrast,	 the	mutated	miR-128	 binding	 site	

construct	 showed	 that	 miR-128,	 or	 control	 miR	 expression	 failed	 to	 down-regulate	 L1	

ORF2	levels,	supporting	the	conclusion	that	the	introduced	miR-128	binding-site	mutation	

abrogated	interaction	between	miR-128	and	the	target	site,	resulting	in	higher	levels	of	L1	

RNA	(Fig	5B).	The	effect	of	the	miR-128	binding-site	mutation	on	the	L1	retrotransposition	
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activity	 also	 was	 consistent,	 HeLa	 cells	 overexpressing	 miR-128	 and	 the	 WT	 plasmid	

resulted	 in	 fewer	 neomycin-resistant	 colonies	 and	 lower	 retrotransposition	 relative	 to	

controls,	 as	expected	 (Fig	5C).	However,	when	 the	mutated	plasmid	was	 transfected	 into	

HeLa	 cells	 overexpressing	 miR-128,	 or	 control	 miR,	 significantly	 higher	 numbers	 of	

neomycin-resistant	 colonies	 formed	 (Fig	 5C).	 Introduction	 of	 anti-miR-128,	 neutralized	

endogenously	expressed	miR-128	and	enhanced	L1	expression,	as	compared	to	controls,	as	

previously	 shown	 (Fig	 3B).	 In	 a	 similar	 manner,	 induced	 miR-128	 and	 endogenously	

expressed	miR-128	was	 incapable	at	binding	and	 repressing	mutant	L1,	 resulting	 in	 a	2-	

fold	 higher	 L1	 expression	 levels	 as	 compared	 to	 controls.	 Transfection	 and	 transduction	

efficiency	 of	 miR-modulated	 HeLa	 cells	 was	 verified,	 as	 described	 previously	

(Supplemental	Fig	2	and	Supplemental	Fig	3).		Since	miR-128	is	unable	to	bind	to	mutated	

L1	ORF2	RNA	and	repress	RNA	active	retrotransposition,	these	data	support	the	conclusion	

that	miR-128	represses	L1	RNA,	retrotransposition	and	integration	via	a	direct	interaction	

with	the	target	site	on	the	ORF2	RNA.	L1	RNA	in	miR-128	mutant	site	cells	versus	controls	

is	 higher	 because	 miR-128	 (over-expressed	 or	 endogenously	 expressed)	 can’t	 bind	 and	

repress	mutant	L1	RNA.		
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Figure	5:	miR-128	represses	L1	activity	by	binding	directly	to	ORF2	RNA.	(A)	Relative	
luciferase	 levels	 in	 HeLa	 cells	 transfected	 with	 constructs	 expressing	 Gaussia	 luciferase	
fused	to	the	predicted	WT	binding	site	of	miR-128;	a	mutated	binding	site	in	the	L1	open	
reading	frame;	positive-	control	sequence	corresponding	to	the	22-nt	perfect	match	of	miR-
128;	 and	 control	 or	 miR-128	 constructs,	 in	 the	 combinations	 indicated,	 48	 h	 after	
transfection.	 Error	 bars,	 s.e.m.	 (n	 =	 3	 independent	 cell	 cultures	 and	 experiments).	 (B)	
Relative	expression	levels	of	ORF2	RNA	in	HeLa	cells	transduced	with	lentiviral	constructs	
encoding	a	control	miR	or	miR-128	and	transfected	with	L1-Neo	reporter	WT	plasmid	or	
mutant	 L1-Neo	 reporter	 plasmid	 containing	 the	 mutated	 miR-128–binding  site	 (n	 =	 2	
independent	cell	cultures	and	experiments;	bars	represent  range	of	values).	(C)	Change	
in	 colony	 count	 in	 L1-transfected	 HeLa  cells	 transduced	 with	 control-miR	 or	 miR-128	
mimic	 constructs  and	 transfected	 with	 the	 L1-Neo	 reporter	 plasmid	 encoding	 WT	
or  mutated	 miR28–binding	 sites,	 as	 a	 measure	 of	 the	 level	 of	 active	
L1  retrotransposition.	Results	are	shown	as	percentage	change	and	are  normalized	 to	
control	 miR–transfected	 cells.	 Error	 bars,	 s.e.m.	 (n	 =	 3  independent	 cell	 cultures	 and	
experiments).	 Throughout	 figure,  *P	 <	 0.05;	 **P	 <	 0.01;	 ****P	 <	 0.0001	 by	 two-tailed	
Student’s	t	test.	Credit:	A,	B,	C,	Matthias	Hamdorf	and	Adam	Idica.			
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miR-128	interacts	with	L1	RNA	

To	 directly	 test	 if	miR-128	 binds	 to	 L1	 RNA,	 Ago	 complexes	 containing	miRs	 and	 target	

mRNAs	were	 isolated	by	 immunopurification	 from	cells	expressing	miR-128	or	anti-miR-

128	and	assessed	for	relevant	complex	occupancy	by	the	L1	RNA.		As	expected	the	relative	

level	of	total	L1	RNA	was	lower	in	Tera-1	cells	stably	overexpressing	miR-128	compared	to	

those	expressing	anti-miR-128	(Fig	6A).	Despite	the	lower	levels	of	L1	RNA,	Ago-bound	L1	

RNA	was	significantly	higher	in	cells	over-expressing	miR-128	compared	to	those	in	which	

miR-128	 was	 down-regulated	 by	 anti-miR-128	 (Fig	 6B).	 When	 correcting	 for	 the	 lower	

levels	of	miR-128,	in	anti-miR-128	treated	Tera-1	cells,	the	difference	in	bound	L1	RNA	was	

even	more	significant	(corrected	anti-miR-128).	These	results	provide	direct	evidence	that	

miR-128	 binds	 to	 L1	 RNA.	 The	 Ago	 immunopurification	 experiments	 were	 repeated	 in	

HeLa	cells	stably	transduced	with	anti-miR-128	or	miR-128,	which	were	transfected	with	

L1	expression	plasmids	(wild-type	or	mutant	in	the	miR-128	binding	site).	Overexpression	

of	 miR-128	 led	 to	 significant	 lower	 levels	 of	 total	 wild-type	 L1	 RNA	 compared	 to	 cells	

transduced	 with	 anti-miR-128	 as	 observed	 previously	 (Fig	 6C).	 Also	 as	 expected,	 the	

relative	level	of	total	mutant	L1	RNA	was	higher	in	cells	transduced	with	miR-128	than	for	

wild-type	 L1	 RNA.	 As	 shown	 in	 Fig	 6D,	 even	 though	 mutant	 L1	 RNA	 was	 expressed	 at	

higher	 levels	 in	 miR-128	 transduced	 cells	 compared	 to	 WT	 L1,	 it	 immunopurified	

significantly	 less	 efficiently	 than	 WT	 L1	 RNA	 from	 miR-128	 transduced	 cells.	 When	

correcting	 for	 the	 lower	 levels	 of	 miR-128,	 in	 anti-miR-128	 treated	 HeLa	 cells,	 the	

difference	was	even	more	significant	(corrected	anti-miR-128).	These	results	demonstrate	

that	 the	 putative	 miR-128	 binding	 site	 in	 the	 ORF2	 region	 of	 L1	 RNA	 is	 indeed	 the	

functional	 binding	 site.	 A	 control,	 constitutively-expressed	 transcript	 of	 the	GAPDH	 gene	
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did	not	show	altered	levels	of	total	RNA	in	cells	transduced	with	miR-128	or	anti-miR-128,	

or	relative	differences	in	Ago	immunopurifications	(Supplemental	Fig	2).	
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Figure	6:	miR-128	binds	directly	 to	L1	ORF2	RNA	in	cells.	 (A)	Relative	L1	ORF2	RNA	
levels	 in	 Tera-1	 cells	 transduced	with	miR	 constructs,	 normalized	 to	GAPDH.	 Error	 bars,	
s.e.m.	(n	=	3	independent	cell	cultures	and	experiments).	(B)	Relative	fraction	of	L1	ORF2	
transcripts	 associated	with	Ago	 complexes,	 from	 the	 same	 lysates	 as	 in	 a,	 normalized	 to	
input	levels.	L1	ORF2	immunopurified	(IP)	fractions	normalized	to	the	levels	of	L1	ORF2	in	
input	 are	 shown	 as	 ‘corrected’.	 Error	 bars,	 s.e.m.	 (n	 =	 3	 independent	 cell	 cultures	 and	
experiments).  (C)	 Relative	L1	RNA	 levels	 in	HeLa	 cells	 transduced	with	miR	 constructs	
and	L1	WT  or	mutant	 reporter	plasmid,	normalized	 to	GAPDH.	Error	bars,	 s.e.m.	 (n	=	3	
independent	cell	cultures	and	experiments).	(D,E)	Relative	fraction	of	L1	ORF2	transcripts	
associated  with	Ago	complexes,	from	same	lysates	as  in	c,	normalized	to	let-7	levels.	L1	
ORF2	immunopurified	fractions	normalized	to	the	levels	of	L1	ORF2	in	input	are	shown	as	
corrected.	 In	 D,	 error	 bars	 represent	 s.e.m.	 (n	 =	 3	 independent	 cell	 cultures	 and	
experiments);	in	E,	bars	represent	range	(n	=	2	independent	cell	cultures	and	experiments).	
Throughout	figure,	**P	<	0.01;	***P	<	0.001;	****P	<	0.0001  by	two-tailed	Student’s	t	test.	
(F)	Model	 of	 the	multifaceted	 role	 of	miRs	 in	 defense	 against	 assault	 to	 cellular	 RNA	by	
agents	from	the	extracellular	environment	(virus)	or	 intracellular	encoded	parasites	such	
as	L1	retrotransposons.	Credit:	A-E,	Dimitri	Zisoulis;	F,	Irene	Pedersen.		
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DISCUSSION	

Our	 findings	 complement	 the	work	on	L1	post-transcriptional	 regulation	by	Caceres	 and	

colleagues26,38.	 In	 these	studies,	 the	authors	 identified	multiple	direct	binding	sites	 in	 the	

L1	5’UTR	for	the	microprocessor	complex	subunit	DGCR838	which	binds	and	cleaves	the	L1	

RNA26.	 Our	 results	 expand	 and	 complement	 this	 work	 and	 suggest	 a	 scenario	 in	 which	

DGCR8	binds	 to	dsRNA	structures	of	5’UTR	of	L1	RNA	and	cleaves	L1	 in	 the	nucleus;	L1	

transcripts	 that	 escape	 the	 DGCR8-mediated	 control	 are	 transported	 out	 of	 the	 nucleus	

where	a	second,	miR-mediated	mechanism	regulate	their	expression	 levels	and	represses	

their	 effect	 in	 the	 cytoplasm.	 It	 is	 possible	 that	miR-128	 in	 addition	 affects	 translational	

repression	of	L1	RNA	and–or	 represses	 transcription	of	L1,	however	our	 results	 indicate	

that	RNA	degradation	is	the	main	mechanism	by	which	miR-128	represses	L1	activity.		

Genomic	alignment	analysis	of	human,	chimpanzee,	rat	and	mouse	interestingly	shows	that	

the	miR-128	binding	site	in	L1	ORF2	is	100%	conserved	between	human	and	chimpanzee,	

and	partly	conserved	(one	or	two	mismatches)	in	mouse	and	rat	(Supplemental	Fig	6).	On	

the	basis	of	our	findings	we	propose	that	miRs	(miR-128)	have	adopted	part	of	piRNAs	role	

in	non-germ	cells21	by	binding	directly	to	the	ORF2	of	L1	RNA,	resulting	in	L1	repression,	

and	thus	reducing	risk	of	genomic	instability.	These	results	suggest	that	miRs,	in	addition	

to	being	key	regulatory	molecules,	have	evolved	to	protect	somatic	cells	(including	cancer	

cells,	 cancer	 initiating	 cells	 and	 iPS	 cells)	 from	 pathogenic	 RNA	 molecules,	 which	 may	

intrude	 from	 extracellular	 sources,	 such	 as	 RNA	 viruses,	 or	 from	 intracellular	 encoded	

sources	such	as	retrotransposons,	thereby	taking	on	an	important	function	as	protectors	of	

genomic	stability	(Fig	6F).	
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Supplementary	 Figure	 1:	 Endogenous	 miR-128	 expression	 levels	 in	 different	 cell	 types.	 miR-128	
expression	levels	were	determined	in	human	foreskin	fibroblasts	(hBJ),	HEK293T	(293T),	HeLa,	H23,	Tera-1	
(Tera),	colon	cancer	initiating	cells	(CCIC),	IMR90,	RNA-iPSC-1,	RNA-iPSC-3,	RNA-iPSC-7	by	miR-128	specific	
RT	and	miR-specific	qPCR	analysis,	which	were	normalized	to	RNU5A	expression	levels.	Credit:	Adam	Idica							
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Supplementary	Figure	2:	Effect	of	miR-128	on	L1	RNA	levels	in	HeLa,	Tera	(ORF2	and	full-length),	H23,	
293T	 and	GAPDH	 levels	 in	RIP	HeLa	 cell	 lysate.	 (A)	 Relative	 RNA	 levels	 of	 L1	ORF2	 RNA	 in	HeLa	 cells	
transiently	 transfected	 with	 miR	 mimics	 or	 inhibitors	 and	 L1-Neo-reporter	 plasmid	 (anti-miR-128,	 n=3	
independent	biological	replicates,	or	miR-128	n=2	independent	biological	replicates,	range	of	values	shown).	
(B)	 Relative	 ORF2	 RNA	 levels	 in	 Tera-1	 cells	 transiently	 transfected	 with	 miR	 mimics	 or	 inhibitors	 (n=2	
independent	biological	replicates,	range	of	values	shown).	(C)	Relative	full-length	L1	RNA	(5’UTR,	ORF1	and	
ORF2)	of	stably	transduced	HeLa	cells	(n=4	technical	replicates).	(D)	Non-small	cell	 lung	cancer	cells	(H23,	
n=3	 independent	 biological	 replicates)	 and	 HEK293T	 (293T,	 n=3	 independent	 biological	 replicates)	 cells	
were	 transfected	with	miR-128,	 anti-miR-128	 or	miR-control	mimics.	 After	 48	 hours	 cells	were	 lysed	 and	
RNA	was	used	to	determine	expression	levels	of	ORF2	using	specific	L1	qPCR	analysis,	normalized	to	beta-2-
microglobulin	 expression	 levels.	 H23	 and	 293Ts	 show	 the	 same	 effect	 of	 ORF2	 RNA	 regulation	 as	 we	
observed	for	HeLa,	Tera,	and	stem	cells.	Overexpression	of	miR-128	leads	to	a	downregulation	of	ORF2	and	
knock	down	of	miR-128	by	anti-miR-128	leads	to	higher	levels	of	ORF2.	(E)	Relative	mRNA	levels	of	GAPDH	
in	HeLa	cells	lentivirally	transduced	with	miR	constructs	and	transfected	with	L1	wild-type	plasmid	(miR-128	
and	anti-miR-128)	or	mutant	L1	plasmid	(miR-128	binding	site	mutated	transfected	 into	stably	 transduced	
with	miR-128)	 normalized	 to	GUSB	 (n=3,	 independent	 biological	 replicates).	 The	 next	 panel	 is	 relative	 IP	
fraction	of	GAPDH	transcript	levels	associated	with	Argonaute	complexes	in	stably	transduced	miR-128	and	
anti-miR-128	cells	(both	transfected	with	L1	wild-type	plasmid),	from	the	same	lysates	as	the	previous	panel,	
normalized	 to	 let-7	 levels.	The	next	panel	 is	 relative	 IP	 fraction	of	GAPDH	 transcript	 levels	 associated	with	
Argonaute	 complexes	 in	 stably	 transduced	miR-128	 cells	 transfected	with	 L1	wild-type	 or	 L1	 binding	 site	
mutated	from	the	same	lysates	as	the	first	panel,	normalized	to	let-7	levels.	Throughout	the	figure,	error	bars	
represent	SEM	for	n≥3	and	range	of	values	for	n=2.	p-values	from	two-tailed	Student’s	t-tests:	 *:p<0.05,	**:p	
<0.01,	***:p	<0.001,	****:p	<0.0001.	Credit:	A-E,	Adam	Idica	and	Matthias	Hamdorf.	
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Supplementary	Figure	3:	Transfection	controls	in	HeLa	cells.	HeLa	cells	were	transduced	(HeLa	stable)	
with	 lentiviral	 miR-128,	 anti-miR-128	 or	 control-miRs,	 then	 transfected	 with	 WT	 L1	 neomycin-reporter	
plasmid	 (WT)	or	mutant	L1	neomycin-reporter	plasmid	 (mutant),	or	 transiently	 transfected	with	miR-128,	
anti-miR-128	or	control	mimics	(HeLa	transient).	miR-128	expression	 levels	were	determined	by	miR-128-
specific	RT	and	miR-specific	qPCR,	which	were	normalized	to	RNU5A	expression	levels.	We	observed	strong	
overexpression	of	miR-128	in	cells	transduced	with	the	miR-128	overexpression	virus	and	downregulation	in	
cells	 transduced	with	virus	expressing	a	hairpin	 inhibitor	anti-miR-128	 (HeLa	 stable).	 Similar	 results	were	
observed	when	we	 transfected	HeLa	 cells	with	miR-128	mimics	 and	 hairpin	 inhibitor	 anti-miR-128	 (HeLa	
transient).	When	we	compare	the	level	of	miR-128	overexpression	for	the	experiment	where	we	used	the	WT	
and	the	mutant	L1	reporter	level	(mutant),	we	observed	equal	overexpression.	As	anti-miR	introductions	can	
work	as	a	sponge,	and	thus	anti-miR	treatment	can	be	underestimated	when	measuring	miR	levels,	we	also	
measure	the	effect	of	miR-128	and	anti-miR-128	on	a	published	target	(Bmi1)	in	HeLa	cells.	Mean	of	technical	
triplicates	are	shown	+/-	SD.	For	the	secondary	target,	Bmi1,	we	found	that	miR-128	overexpression	leads	to	
a	downregulation	of	Bmi1	in	the	stable	cell	lines	as	well	as	in	the	transient	transfected	cells.	Downregulation	
of	miR-128	results	in	an	enhanced	Bmi1	expression.	These	data	correspond	to	the	detected	miR-128	levels.	
Credit:	Adam	Idica	and	Matthias	Hamdorf.	
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Supplementary	Figure	4:	L1	reporter	plasmid	and	transfection	control	 in	HeLa	cells.	Partial	map	and	
sequence	of	the	used	L1	ORF-2	from	the	pJM101/L1RP	reporter.	The	miR-128	seed	sequence	is	indicated	in	
red.	The	 start	ATG	of	ORF-2	 is	 indicated	 in	blue.	We	also	verified	 similar	plasmid	 levels	 in	miR-modulated	
HeLa	cells,	by	determining	level	of	plasmid	backbone	(hygromycin	constitutively	expressed	from	backbone	of	
plasmid,	 amplification	 site	 is	 indicated	 by	 red	 lines	 on	 map)	 expression,	 when	 normalized	 to	 beta-2-
microglobulin	 expression	 levels.	 Stable	 miR	 lines	 and	 transient	 miR	 lines	 show	 that	 the	 hygromycin	
expression	 levels	 of	 all	 treatments	 are	 similar	 reflecting	 an	 equal	 transfection	 of	 the	 plasmid	 into	 all	 cells.	
HeLa	plasmid	levels	(pJM101)	control	for	Colony	Formation	Assay	verified	that	miR	control	modulation	itself	
did	not	affect	plasmid	transfection	levels	(neo	resistant	colonies)	as	compared	to	cells	not	treated	with	miR	
controls.	HeLa	(mutant)	plasmid	levels	(Fig	4).	Plasmid	levels	were	verified	by	DNA	extraction	of	transfected	
cells	and	qPCR	with	backbone-specific	primers	then	normalized	to	genomic	DNA	(PBGD).	For	the	control	and	
the	mutant	plasmid,	we	observed	equal	transfection	efficiency	in	control	and	miR-128	and	anti-miR-128	cells.	
Credit:	Adam	Idica	and	Matthias	Hamdorf	
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Supplementary	 Figure	 5:	 Transfection	 controls	 in	 iPSCs.	 Efficient	 miR	 transduction	 of	 iPS	 cells,	 were	
determined	 by	 GFP	 that	 is	 co-expressed	 with	 the	 miR	 (scale	 bar=400µm).	 Next	 we	 determined	 miR-128	
expression	 levels	 in	 iPSC	 lines	 transiently	 or	 stably	 (IMR90	 and	 RNA-iPSC-1)	 transfected/transduced	with	
miR-128,	 anti-miR-128	 and	 miR-controls,	 by	 performing	 specific	 RT	 and	 q-PCR	 analysis,	 normalized	 to	
RNU5A	expression	 levels,	 or	by	 analyzing	 expression	 levels	 of	 a	 secondary	miR-128	 target	 (Bmi1).	 Finally,	
similar	plasmid	levels	between	miR	modulated	iPSC	lines	were	verified	by	transfection	of	a	plasmid	encoding	
a	constitutively	active	neomycin-resistance	gene	in	the	colony	formation	assay.	For	the	transient	transfected	
stem	 cells,	 we	 found	 a	 strong	 upregulated	miR-128	 level	when	we	 introduced	 the	miR-128	mimic	 (upper	
middle	panel)	and	a	downregulation	when	we	transfected	the	hairpin	anti-miR-128	inhibitor.		For	the	stable	
cell	 lines	we	found	a	strong	upregulation	in	the	stable	overexpression	cell	 line	(lower	middle	panel)	but	for	
the	 downregulation	 with	 the	 anti-miR-128	 we	 didn´t	 observe	 a	 strong	 effect.	 As	 we	 know	 that	 anti-miR	
introductions	 can	work	 as	 a	 sponge	 and	not	 always	 leads	directly	 to	miR	degradation,	we	 tested	Bmi	 as	 a	
secondary	target	and	there	is	an	enhanced	mRNA	level	of	Bmi	in	the	anti-miR-128	cells	that	leads	us	to	the	
conclusion	that	 the	downregulation	of	miR-128	worked	 in	 the	stable	cells.	Credit:	Adam	Idica	and	Matthias	
Hamdorf	
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Supplementary	Figure	6: Conservation	of	miR-128	binding	site	and	mutated	miR-128	binding	site	on	
L1	mRNA. (A)	 Schematic	 of	 miR-128	 binding	 site	 in	 ORF2	 of	 L1	 mRNA.	 Mutant	 plasmid	 (mutated	 seed)	
encodes	full	length	L1	mRNA	but	with	a	silent	mutation	in	the	seed	sequence	binding	site	for	miR-128,	thus	
encoding	 the	 functional	 protein,	 but	 not	 serving	 as	 a	 perfect	miR-128	 target	mRNA	 (shown	 in	 red).	 Table	
represents	 schematic	 of	 experimental	 set-up.	 Expected	 miR-128	 expression	 levels	 are	 shown	 and	 L1	
including	miR-128	binding	site	expression	levels	are	shown,	box	on	plasmid	symbolizes	the	mutated	miR-128	
binding	site.	(B)	DNA	sequence	alignment	of	homo	sapiens	(NCBI:M80343),	chimpanzee	(NCBI:KF661301),	
mouse	 (L1Base:ID1048)	 and	 rat	 (L1Base:ID358)	 as	 well	 as	 hsa-miR-128	 (converted	 to	 the	 corresponding	
DNA	sequence.	Blue	indicates	homology	between	n>2	and	red	represents	homology	between	all	four	species.	
NCBI	 (http://www.ncbi.nlm.nih.gov/pubmed/);	 L1Base	 (http://line1.bioapps.biozentrum.uni-
wuerzburg.de/l1base.php).	Credit:	Adam	Idica	and	Matthias	Hamdorf.			
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Chapter	3	
	

miR-128	represses	L1	retrotransposition	by	targeting	TNPO1	and	
inhibiting	L1	nuclear	import	

	
	

ABSTRACT	

	 Repetitive	 elements,	 including	 LINE-1	 (L1),	 comprise	 approximately	 half	 of	 the	

genomes	of	humans.	These	elements	can	potentially	destabilize	the	genome	by	activation	

and	reintegration	 into	new	sites	(retrotransposition).	 In	somatic	cells,	active	L1	elements	

are	 repressed	by	 distinct	molecular	mechanisms	 including	DNA	methylation	 and	histone	

modifications	 to	 repress	 transcription.	 Under	 conditions	 of	 hypomethylation	 (e.g.	 tumor	

cells)	 additional	 restriction	 mechanisms	 include	 silencing	 by	 miRs.	 We	 recently	

demonstrated	that	miR-128	represses	L1	activity	by	a	novel	mechanism	by	directly	binding	

to	a	site	in	the	coding	region	of	L1	RNA.	In	this	study,	we	tested	if	miR-128	can	also	control	

L1	activity	by	repressing	cellular	proteins	 important	 for	L1	retrotransposition.	We	 found	

that	miR-128	targets	the	3’	UTR	of	the	nuclear	import	factor	TNPO1	mRNA,	resulting	in	the	

degradation	 of	 TNPO1	 mRNA.	 Manipulation	 of	 miR-128	 levels	 by	 overexpression	 or	

knockdown	 showed	 that	modulation	 of	 TNPO1	 by	miR-128	 affects	 nuclear	 import	 of	 L1	

ORF1p	 as	well	 as	de	 novo	 retrotransposition.	Moreover,	 overexpression	 of	 TNPO1	 could	

partially	reverse	the	repressive	effect	of	miR-128	on	L1	retrotransposition.	Thus,	miR-128	

controls	L1	activity	in	somatic	cells	through	two	independent	mechanisms:	direct	binding	

to	L1	RNA,	and	regulating	a	cellular	factor	necessary	for	L1	retrotransposition.				
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INTRODUCTION	

Repetitive	 elements	 make	 up	 almost	 half	 of	 the	 human	 genome.	 A	 substantial	

portion	 of	 repetitive	 elements	 are	 derived	 from	 retrotransposons	 (LTR-containing	 and	

non-LTR),	which	transpose	to	new	chromosomal	locations	by	reverse	transcription	of	the	

RNA	into	DNA,	followed	by	integration	of	the	copied	DNA	into	a	new	chromosomal	location.	

Retrotransposition	 of	 these	 elements	 in	 germ	 cells	 leads	 to	 integration	 of	 new	

retrotransponsons	 in	 the	 genomes	 of	 progeny,	 and	 since	 there	 is	 no	 mechanism	 for	

excision,	they	accumulate	over	evolutionary	time	scales.		

Long-interspaced	 nuclear	 elements-1	 (LINE-1	 or	 L1)	 are	 the	 only	 autonomous	

transposable	elements	that	are	currently	active	in	humans	and	have	directly	or	indirectly	

contributed	to	~	30%	of	the	human	genome	1-3.	Intact,	active	L1	is	~6	kilobase	pairs	(kb)	in	

length	 and	 contain	 a	5’UTR,	 three	open-reading	 frames	–	ORF1,	ORF2	and	ORF0	–	 and	a	

short	3’UTR.	The	5’UTR	has	promoter	activity	in	both	the	sense	and	antisense	direction	4-6.	

ORF1	encodes	a	protein	with	RNA-binding	and	nucleic	acid	chaperone	activity	and	ORF2	

encodes	a	protein	with	endonuclease	and	reverse	transcriptase	activities	7-9.	ORF0,	which	is	

transcribed	in	the	antisense	direction,	encodes	a	protein	with	unknown	function,	but	which	

enhances	L1	activity.	L1	mobilizes	replicatively	from	one	place	in	the	genome	to	another	by	

a	“copy	and	paste”	mechanism	via	an	RNA	intermediate	10,11.		

Integration	 of	 retrotransposons	 at	 new	 chromosomal	 locations	 can	 generate	 new	

genes	 and	 affect	 expression	 of	 already	 existing	 genes	 12,13.	 It	 has	 been	 suggested	 that	

retrotransposon	 activity	 could	 contribute	 to	 various	 diseases	 such	 as	 neurological	

disorders	 and	 cancer,	 as	 well	 as	 developmental	 defects	 2,14-16.	 As	 a	 result,	 multiple	

mechanisms	have	evolved	to	tightly	control	retrotransposon	activity.	In	germ	cells,	specific	
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small	 RNA	 subtypes	 (piRNAs)	 efficiently	 counteract	 L1	 activity	 17,18.	 In	 somatic	 cells,	 L1	

mobilization	 is	 inhibited	 by	 DNA	 methylation	 of	 the	 L1	 promoter	 19,20.	 However,	 L1	

promoter	silencing	is	greatly	attenuated	and	L1	transcription	de-repressed	in	somatic	cells	

under	 conditions	 of	 hypomethylation,	 often	 encountered	 in	 cancer	 cells	 or	 in	 in	 vitro	

reprogramming	 of	 somatic	 cells	 into	 stem	 cells	 20-22.	 Under	 these	 conditions	 other	

mechanisms	of	L1	restriction	are	important,	including	DNA	and	RNA	editing	proteins	(AID,	

APOBECs,	ADAR)	23,24	and	microRNAs.	

The	 recent	 discovery	 of	 microRNAs	 (miRNAs	 or	 miRs)	 has	 revolutionized	 our	

understanding	of	 gene	 control.	miRs	 exemplify	 the	 emerging	 view	 that	non-coding	RNAs	

(ncRNAs)	 may	 rival	 proteins	 in	 regulatory	 importance.	 The	 majority	 of	 the	 human	

transcriptome	is	believed	to	be	under	miR	regulation,	positioning	this	post-transcriptional	

control	 mechanism	 to	 regulate	 many	 gene	 pathways	 25,26.	 miRs	 function	 as	 21–24-

nucleotide	 (nt)	 guides	 that	 regulate	 the	 expression	of	mRNAs	 containing	 complementary	

sequences.	 The	mature	miR	 is	 loaded	 onto	 specific	 Argonaute	 (Ago)	 proteins,	which	 are	

then	referred	to	as	a	miR-inducing	silencing	complex	(miRISC)26.	In	animals,	partial	pairing	

between	 a	 miR	 and	 an	 mRNA	 target	 site	 usually	 results	 in	 reduced	 protein	 expression	

through	 a	 variety	 of	 mechanisms	 that	 involve	 mRNA	 degradation	 and	 translational	

repression	27,28.	The	best-characterized	feature	determining	miR-target	recognition	are	six	

nucleotide	 “seed”	sites	 in	 the	3’UTR	of	mRNA	targets,	which	perfectly	complement	 the	5’	

end	of	the	miR	(positions	2-7)	27.	

We	 recently	 discovered	 that	 the	 miR	 (miR-128)	 represses	 activity	 of	 L1	

retrotransposons	in	somatic	cells,	analogous	to	the	role	of	piRNAs	in	germ	cells.	We	found	a	

novel	mechanism	for	this	regulation	in	that	miR-128	binds	directly	to	L1	RNA	in	the	ORF2	
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coding	region	sequence	(CRS),	resulting	in	L1	repression	29.	In	contrast,	miRs	typically	are	

thought	 to	 repress	multiple	 cellular	mRNAs	by	binding	 to	 homologous	 target	 sequences;	

the	proteins	of	 these	 target	mRNAs	often	work	 in	 concert,	 so	miRs	can	 fine-tune	specific	

cellular	networks	30-33.			

In	this	study,	we	set	out	to	test	if	miR-128	might	also	regulate	L1	activity	in	somatic	

cells	 by	 repressing	 cellular	 proteins	 important	 for	 its	 retrotransposition.	Here	we	 report	

that	miR-128	also	represses	retrotransposition	by	targeting	a	key	cellular	factor	required	

for	 effective	 L1	 nuclear	 import	 and	 replication,	 Transportin-1	 (TNPO-1).	 TNPO1,	 also	

referred	 to	 as	 Karyopherin-ß2	 or	 Importin-ß2,	 acts	 by	 binding	 to	 diverse	 nuclear	

localization	 sequences	 including	 (PY-NLSs)	 34-36.	 TNPO1	 mediated	 nuclear	 import	 is	

catalyzed	by	Ran-GTP	and	its	cargoes	include	viral,	ribosomal	and	histone	proteins	37,38.	We	

found	that	miR-128	targets	the	TNPO1	3’UTR	and	represses	its	expression.	In	addition,	we	

found	 that	 TNPO1	 is	 required	 for	 efficient	 nuclear	 import	 of	 L1	 ORF1p	 and	 miR-128-

induced	 TNPO1	 deficiency	 traps	 L1	 in	 the	 cytoplasm,	 thereby	 inhibiting	 L1	 replication.	

Thus,	 we	 have	 discovered	 a	 dual	 mechanism	 by	 which	 miR-128	 controls	 L1	

retrotransposition	in	somatic	cells.		

	

RESULTS	

miR-128	inhibits	induced	and	endogenous	L1	activity.	

We	 recently	 determined	 that	 miR-128	 directly	 targets	 L1	 RNA	 and	 represses	

retrotransposition	and	de	novo	integration	in	somatic	cells	including	cancer	initiating	cells	

(CICs)	and	 in	 induced	pluripotent	 stem	cells	 (iPSCs)29.	After	demonstrating	an	 important	

role	 for	 miR-128	 in	 the	 control	 of	 L1-induced	 mutagenesis	 in	 different	 physiological	
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systems,	we	now	wished	to	further	characterize	the	mechanism(s)	of	miR-128	on	induced	

and	 endogenous	 L1	 activity.	 Neomycin	 reporter	 constructs	 encoding	 the	 full	 length	 L1	

mRNA	and	a	 retrotransposition	 indicator	cassette	was	used	 for	 this	purpose.	Briefly,	one	

construct	consists	of	a	neomycin	gene	in	the	antisense	orientation	relative	to	a	full-length	

L1	 element,	 which	 is	 disrupted	 by	 an	 intron	 in	 the	 sense	 orientation	 (see	 Supplemental	

Figure	1A).	The	neomycin	protein	can	be	translated	into	a	functional	enzyme	only	after	L1	

transcription	and	splicing	of	the	mRNA,	reverse	transcription	followed	by	integration	of	the	

spliced	 variant	 into	 the	 genome,	 thus	 allowing	 the	 quantification	 of	 cells	 with	 new	

retrotransposition	events	in	culture.	A	powerful	variant	of	this	plasmid	described	by	Wei	et	

al	39	was	generated	and	used	in	parallel.	This	plasmid	variant	encodes	a	L1	RNA	harboring	

a	D702A	mutation	 in	 the	 RT	 domain	 of	 the	ORF2	 protein,	 rendering	 the	 encoded	 L1	RT	

deficient	(RT	dead).	When	introducing	this	reporter	into	cells,	de	novo	retrotransposition	is	

dependent	on	the	endogenously	expressed	wildtype	ORF2	protein,	to	substitute	for	the	RT-

deficient	protein	encoded	by	the	plasmid	(see	Supplemental	Figure	1B).		

miR-128,	 anti-miR-128	 or	 miR	 control	 shRNA	 were	 cloned	 into	 the	 pMIR-ZIP	

plasmid,	packaged	 into	high-titer	 lentiviruses,	 transduced	 into	HeLa	 cells	 and	puromycin	

selected.	miR	expressing	HeLa	cell	lines	were	then	transfected	with	either	the	wildtype	or	

the	 RT	 dead	 L1	 neomycin	 reporter	 and	 selected	 for	 14	 days	with	 neomycin	 replenished	

daily.	We	observed	a	significant	decrease	in	the	number	of	neomycin-resistant	colonies	in	

cells	 overexpressing	 miR-128	 relative	 to	 HeLa	 cells	 with	 endogenous	 miR-128	 levels	

(control),	indicating	lower	rates	of	L1	activity	and	active	retrotransposition	in	cells	where	

miR-128	is	induced.	This	was	true	both	for	induced	L1	activity	(Figure	1A	left,	p=0.0057)	as	

well	as	for	endogenous	L1	retrotransposition	(Figure	1A	right,	p=0.0281).	Conversely,	cells	
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expressing	anti-miR-128,	in	which	endogenous	miR-128	is	neutralized,	exhibit	significantly	

higher	 levels	 of	 de	 novo	 retrotransposition	 and	 integration	 relative	 to	 the	miR	 controls,	

both	 for	 induced-	 and	 endogenous-L1	 activity	 (Figure	 1A	 left,	 p=0.0459	 and	 Figure	 1A	

right,	p=0.017).	We	verified	that	the	L1	plasmid	was	introduced	into	miR-expressing	HeLa	

cells	 at	 equal	 levels	 by	 quantifying	 levels	 of	 a	 neomycin-expressing	 construct	 (see	

Supplemental	Figure	2A).	

	

Identification	of	miRs	involved	in	regulation	of	L1	retrotransposition.	

	 miRs	often	exert	 their	regulatory	roles	of	complex	cellular	 functions	by	repressing	

multiple	targets	in	the	same	signaling	pathway.	As	such	miRs	can	be	thought	of	as	master	

RNA	 regulators,	 similar	 to	 transcription	 factors,	 which	 are	 DNA	 regulators.	 We	 have	

employed	 different	 strategies	 to	 identify	 additional	 miR-128	 targets,	 which	 work	 in	

synergy	 with	 direct	 L1	 RNA	 targeting	 to	 limit	 L1-induced	 mutations.	 As	 part	 of	 an	

undergraduate	 laboratory	 module,	 an	 unbiased	 screen	 was	 performed	 to	 validate	

bioinformatically	 predicted	miR-128	 targets	 by	using	PicTar	 and	TargetScan	 40,41	 (Figure	

1B,	top	panel).	HeLa	cells	were	transfected	with	miR-128	or	control	miR	mimics.	Cells	were	

harvested	after	48hrs	of	culture	and	mRNA	expression	levels	of	107	targets	were	analyzed	

by	qRT-PCR.	Initial	testing	and	retesting	(between	lab	classes)	reduced	the	number	of	hits	

to	26	and	further	to	13	potential	miR-128	targets	(verified	twice,	Supplemental	Figure	3).	

miR-128	 targets	 identified	 in	 HeLa	 cells	 include	 TAPT1,	 CASC3,	 SOX7,	 Bmi1	 and	 TNPO1	

(Figure	1B,	bottom	panel).		 	

We	decided	to	focus	our	initial	analysis	on	transportin-1	(TNPO1),	a	nuclear	import	factor,	

which	 is	 estimated	 to	 import	 over	 100	 proteins	 into	 the	 nucleus,	 many	 experimentally	
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validated,	 involved	 in	 processes	 such	 as	 splicing,	 alternative	 splicing	 or	 diseases	 such	 as	

Amyotrophic	Lateral	Sclerosis	42,43.	We	predicted	that	if	miR-128	significantly	reduces	the	

expression	of	TNPO1,	then	anti-miR-128	would	have	the	opposite	effect	on	TNPO1	mRNA	

expression	 levels.	 Indeed,	 stably-transduced	 HeLa	 cells	 expressing	 anti-miR-128	 exhibit	

significantly	higher	levels	of	TNPO1	mRNA	relative	to	the	control	sequence	(Figure	1C,	left	

panel,	 p=0.0064),	 this	 was	 in	 contrast	 to	 miR-128	 over-expressing	 HeLa	 cells	 in	 which	

TNPO1	mRNA	was	significantly	reduced	(Figure	1C,	 left	panel,	p=0.0015).	To	rule	out	the	

possibility	 that	 lentiviral	 integration	 into	 the	 genome	 is	 responsible	 for	 the	 observed	

phenotype,	 we	 transiently	 transfected	 miR-128,	 anti-miR-128	 or	 control	 miR	 mimic	

oligonucleotides	into	HeLa	cells	and	determined	TNPO1	mRNA	expression	48	hours	later.	

Significant	derepression	of	TNPO1	mRNA	was	observed	in	cells	transfected	with	anti-miR-

128	 oligonucleotide	 (Figure	 1C,	 right	 panel,	 p=0.0179),	 while	 significant	 reduction	 of	

TNPO1	mRNA	was	observed	in	cells	transfected	with	the	synthetic	miR-128	mimic	(Figure	

1C,	right	panel,	p=0.0063	and	Figure	1B,	bottom	panel).	Next	we	determined	that	miR-128	

regulated	 the	 protein	 expression	 level	 of	 TNPO1	 correlating	 with	 expression	 levels	 of	

TNPO1	mRNA	(Figure	1D,	top	panel,	quantifications	top	right	panel)	and	verified	that	miR-

128	 regulates	 the	 expression	 level	 of	 the	 L1	 encoded	protein	ORF1p	 (Figure	 1D,	 bottom	

panel,	 quantification	 bottom	 right	 panels	 and	 Hamdorf	 et	 al29).	 Finally,	 to	 exclude	 the	

possibility	 that	 miR-128	 exclusively	 targets	 TNPO1	 mRNA	 in	 HeLa	 cells,	 but	 has	 other	

primary	targets	in	other	cell	types,	we	tested	a	teratoma	cell	line	(Tera-1)	and	an	induced	

pluripotent	stem	(iPS)	cell	 line	(IMR90).	TNPO1	mRNA	expression	levels	were	modulated	

significantly	in	Tera-1	and	IMR90	cells,	in	addition	to	HeLa	cells	(Figure	1E).		
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Figure	1:	Identification	and	verification	of	TNPO1	as	a	cellular	target	of	miR-128.	(A)	Change	in	colony	
count	of	neomycin-resistant	 foci	was	used	 to	determine	 the	 level	of	 active	 retrotransposition	 in	HeLa	 cells	
stably	 transduced	 with	 lentiviral	 constructs	 encoding	 a	 control	 miR	 (control),	 anti-miR-128	 or	 miR-128	
transfected	with	L1	expression	plasmid	(wild-type	L1;	Induced	L1)	or	reverse	transcriptase	incompetent	L1	
expression	 plasmid	 (RT	 dead	 L1;	 Endogenous	 L1).	 Shown	 as	 mean	 ±	 SEM	 (n=3,	 independent	 biological	
replicates,	 *,	 p<0.05,	 **,	 p<0.01)	 table	 shows	 absolute	 number	 of	 colonies	 for	 a	 single	 experiment.	 (B)	
Schematic	 of	 miR-128	 qPCR	 screen	 approach.	 HeLa	 cells	 were	 transiently	 transfected	 with	 miR-128	 or	
control	miR	mimic,	 cells	 were	 harvested	 after	 72	 hrs,	 RNA	was	 isolated	 and	 qRT-PCR	was	 performed	 for	
predicted	miR-128	targets	using	GAPDH	as	housekeeping	gene	(top	panel).	Thirteen	targets	were	validated	as	
downregulated	 in	miR-128	 treated	cells	 (Supplemental	Figure	3)	and	 relative	 levels	of	 five	 targets,	TAPT1,	
CASC3,	SOX7,	Bmi1,	and	TNPO1	RNA	normalized	to	B2M	are	shown	as	mean	±	SEM	(n=3,	IBR,	*,	p<0.05,	**,	
p<0.01)	(bottom	panel).	(C)	Relative	levels	of	TNPO1	RNA	normalized	to	B2M	in	HeLa	cells	stably	transduced	
or	 transiently	 transfected	 with	 control	 miR,	 anti-miR-128	 or	 miR-128	 are	 shown	 as	 mean	 ±	 SEM	 (n=3,	
independent	biological	replicates,	*,	p<0.05,	**,	p<0.01)	(D)	HeLa	cells	were	stably	transduced	with	control,	



	 77	

anti-miR-128	 or	miR-128	 lentiviral	 constructs	 and	western	 blot	 analysis	 were	 performed	 for	 TNPO1	 (top	
panel),	L1	ORF1p	(bottom	panel),	alpha-Tubulin,	or	GAPDH	protein.	One	representative	example	of	three	is	
shown.	 Quantification	 of	 results	 (n=3)	 normalized	 to	 Tubulin	 (TNPO1)	 or	 GAPDH	 (L1	 ORF1p)	 are	 shown	
(right	panels).	(E)	Relative	levels	of	TNPO1	RNA	normalized	to	B2M	were	determined	in	a	teratoma	cell	line	
(Tera)	 stably	 transduced	 with	 control	 miR,	 anti-miR-128	 or	 miR-128	 and	 iPSCs	 (IMR90-1)	 transiently	
transfected	 with	 control	 miR,	 anti-miR-128	 or	 miR-128	mimics	 (n=3,	 independent	 biological	 replicates,	 *,	
p<0.05,	 **,	 p<0.01).	 Throughout	 the	 figure,	 *P<0.05;	 **P<0.01	 by	 two-tailed	 Student’s	 t	 test.	 Uncropped	
versions	of	blots	are	shown	in	Supplementary	Figure	5.	Credit:	A,	C,	D,	E,	Adam	Idica;	B,	Adam	Idica,	Jordan	
Thompson,	Christine	Pai.	
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These	 combined	 results	 indicate	 that	 miR-128	 regulates	 TNPO1	 expression	 levels	 in	

multiple	cell	types.	

	

miR-128	interacts	with	a	target	sequence	in	the	3’UTR	of	TNPO1	mRNA.		

Bioinformatics	 analyses	 identified	 3	 potential	 seed	 matches	 in	 TNPO1	 mRNA	

(Figure	2A).	TNPO1	3’UTR	or	coding	reading	frame	sequence	including	the	three	potential	

miR-128	 binding	 sites,	 were	 cloned	 into	 a	 luciferase-based	 miR-binding	 site	 reporter	

construct.	 In	 addition,	 a	 perfect	 23	 nt	 miR-128	 sequence	 (positive	 control)	 luciferase	

construct	was	generated.	HeLa	cells	were	transfected	with	one	of	the	TNPO1	binding	site-

encoding	 plasmids	 in	 addition	 to	 mature	 miR-128	 or	 miR	 control	 mimics.	 Luciferase	

activity	was	significantly	reduced	in	cells	transfected	with	miR-128	and	encoding	binding	

site	 #1	 (8-mer	 perfect	 seed	 site	 in	 3’UTR)	 (See	 Figure	 2A	 and	 Figure	 2B,	 p=0.0002).	 In	

contrast	miR-128	 expression	 did	 not	 reduce	 luciferase	 activity	 in	 cells	 encoding	 binding	

site	 #2	 or	 #3	 as	 substantially.	 These	 results	 indicate	 that	miR-128	 preferentially	 targets	

TNPO1	mRNA	by	binding	to	site	#1.		

Next,	 mutations	 were	 introduced	 into	 the	 putative	 miR-128	 binding	 site	 in	 the	

TNPO1	 mRNA	 encoding	 site	 #1	 in	 3’UTR	 (Figure	 2A),	 to	 determine	 if	 this	 sequence	 is	

responsible	for	the	interaction	with	miR-128	(Figure	2C,	top	panel).	Luciferase	activity	was	

again	 significantly	 lower	 than	controls	 in	HeLa	cells	 transfected	with	 the	wild-type	 (WT)	

TNPO1	site	#1	plasmid	and	mature	miR-128	supporting	the	conclusion	that	miR-128	can	

bind	to	the	WT	TNPO1	3’UTR	sequence	and	prevented	the	translation	of	luciferase	(Figure	

2C,	bottom	left	panel	p=0.0007).	In	contrast,	HeLa	cells	transfected	with	the	mutant	TNPO1	

3’UTR	 mutant	 binding	 site	 and	 mature	 miR-128	 or	 control	 miRs	 exhibited	 luciferase	



	 79	

activity	 at	 the	 same	 levels	 as	 the	WT	 TNPO1	 and	miR-control	 cells;	 consistent	 with	 the	

conclusion	 that	 miR-128	 could	 no	 longer	 bind	 and	 repress	 reporter	 gene	 expression	

(Figure	2C,	bottom	right	panel).		

Furthermore,	Argonaute	(Ago)	complexes	containing	miRs	and	target	mRNAs	were	

isolated	 by	 immuno-purification	 and	 assessed	 for	 relative	 complex	 occupancy	 by	 the	

TNPO1	mRNA	to	determine	if	miR-128	directly	targets	TNPO1	mRNA	in	HeLa	cells	(Figure	

2D),	as	previously	described	29.	The	relative	level	of	TNPO1	mRNA	was	significantly	lower	

in	cells	stably	overexpressing	miR-128	when	compared	to	those	expressing	anti-miR-128	

constructs,	as	expected	(Figure	2D,	Input,	p=0.0321).	Despite	the	increased	levels	of	TNPO1	

mRNA	(because	of	lower	miR-128	expression	levels),	which	may	underestimate	the	scale	of	

the	 effect,	 the	 relative	 fraction	 of	 Ago-bound	TNPO1	mRNA	 significantly	 increased	when	

miR-128	 was	 overexpressed	 (Figure	 2D,	 IP,	 p=0.0003).	 When	 correcting	 for	 the	 lower	

expression	level	of	TNPO1	mRNA,	the	increase	in	miR-128	bound	TNPO1	mRNA	was	even	

more	 significant	 (Figure	 2D,	 top	 right	 panel,	 p<0.0001).	 In	 contrast,	 miR-128	 did	 not	

repress	 GAPDH	 mRNA	 expression	 levels	 or	 immuno-purified	 gapdh	 mRNA,	 as	 expected	

(Figure	2E).	We	interpret	this	to	mean	that	high	levels	of	miR-128	lead	to	higher	levels	of	

TNPO1	 mRNA	 being	 bound	 and	 regulated	 directly	 by	 miR-128.	 These	 data	 support	 the	

conclusion	 that	 miR-128	 represses	 TNPO1	 expression	 via	 a	 direct	 interaction	 with	 the	

target	site	located	in	the	3’UTR	of	the	TNPO1	mRNA.													
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Figure	2:	miR-128	represses	TNPO1	by	binding	directly	to	the	3’UTR	of	TNPO1	mRNA.	(A)	Schematic	of	
the	 three	predicted	miR-128	binding	sites	 in	 the	TNPO1	mRNA	(coding	region	CDS	and	3´UTR	are	shown).	
miR-128	binding	site	#1	in	TNPO1	3’	UTR	is	a	perfect	8-mer	seed	site,	site	#2	(in	3’UTR)	and	site	#3	(in	CRS)	
are	 both	 7-mer	 seed	 binding	 sites	 (B)	 Relative	 luciferase	 levels	 of	 HeLa	 cells	 transfected	 with	 constructs	
expressing	a	luciferase	gene	fused	to	the	wild-type	(WT)	binding	sequence	for	site	1,	2,	3,	or	positive	control	
sequence	corresponding	to	the	22	nucleotide	perfect	match	of	miR-128	along	with	transfections	of	control	or	
miR-128	mimics	were	determined	48hr	post-transfection.	Results	shown	as	mean	±	SEM	(n=3,	independent	
biological	replicates,	*,	p<0.05,	***,	p<0.001).	(C)	Schematic	of	miR-128	binding	to	WT	TNPO1	3’UTR	mRNA	or	
mutant	 seed	 site	 TNPO1	 mRNA	 (top	 panel).	 Relative	 luciferase	 levels	 of	 HeLa	 cells	 transfected	 with	 the	
reporter	plasmid	for	WT	site	1	or	mutated	site	1,	co-transfected	with	control	miR	or	miR-128	mimics	were	
determined	 48hr	 post-transfection.	 Results	 shown	 as	mean	 ±	 SEM	 (n=3,	 independent	 biological	 replicates,	
***,	 p<0.001).	 (D)	 Schematic	 representation	 of	 the	 Ago	 immunopurification	 strategy	 of	 miR-128-TNPO1	
mRNA	 complexes	 (Ago-RIP)	 (top	 panel).	 HeLa	 cell	 lines	 are	 generated	 where	 miR-128	 is	 either	 stably	
neutralized	(by	anti-miR-128)	or	over-expressed.	Relative	expression	of	TNPO1	mRNA	normalized	to	B2M	is	
shown	 for	 input	 samples	 (left	 panel);	 relative	 fraction	 of	 TNPO1	 transcript	 levels	 associated	 with	 Ago	
complexes	 is	 shown	 for	 IP	 samples	 (right	panel).	TNPO1	 IP	 fractions	normalized	 to	 the	 levels	of	TNPO1	 in	
input	 are	 shown	 as	 “corrected”	 (right	 panel).	 Results	 shown	 as	mean	 ±	 SEM	 (n=3,	 independent	 biological	
replicates,	 *,	 p<0.05,	 ***,	 p<0.001).	 (E)	 Relative	 levels	 of	 GAPDH	 in	 the	 same	 input	 and	 IP	 samples	 were	
determined	as	a	negative	control.	Results	are	shown	as	a	mean	±	SEM.	Results	shown	as	mean	±	SEM	(n=3,	
independent	biological	replicates).	Credit:	A,	B,	C,	Adam	Idica;	D,	E,	Adam	Idica	and	Dimitri	Zisoulis.	
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TNPO1	modulation	regulates	L1	activity	and	de	novo	retrotransposition.		

TNPO1	 functions	 by	 interacting	 with	 nuclear	 localization	 sequences	 on	 protein	

cargoes	 and	 facilitates	 nuclear	 import	 44-47.	 We	 hypothesize	 that	 TNPO1	 is	 involved	 in	

nuclear	import	of	L1	ORF1p.	In	order	to	address	this	hypothesis	we	first	determined	if	miR-

128-induced	 repression	 of	 TNPO1	 expression	 correlated	with	miR-128’s	 inhibition	 of	 L1	

activity	 and	 genomic	 integration.	 Specifically,	 we	 examined	 the	 effects	 of	 TNPO1	

neutralization	 or	 over-expression	 on	 the	 levels	 of	 L1	 activity	 and	 de	 novo	

retrotransposition	by	transducing	HeLa	cells	with	constructs	expressing	TNPO1	shRNA	(to	

generate	 TNPO1	 knock-down	 HeLa	 cells)	 or	 a	 control	 sequence	 (control).	 We	 also	

generated	a	TNPO1	construct	encoding	the	full-length	TNPO1	mRNA	transcript	harboring	

the	5.6	kb	3’UTR	including	the	miR-128	binding	site	(see	Figure	2A).		

HeLa	cells	were	transfected	with	the	full-length	TNPO1	construct	(FL	TNPO1)	or	an	

empty	 control	 vector.	 We	 verified	 that	 TNPO1	 shRNA	 or	 over-expression	 plasmids	

significantly	 reduced	 versus	 increased	 mRNA	 expression	 levels	 of	 TNPO1,	 relative	 to	

controls	 (Figure	 3A,	 right	 panels).	 Since	HeLa	 cells	 express	 low	 levels	 of	 endogenous	 L1	

activity,	we	transiently	transfected	a	construct	encoding	the	full-length	wild-type	(WT)	L1	

and	monitored	 the	effects	of	TNPO1	depletion	on	artificially-expressed	L1	mRNA.	Stably-

transduced	 cells	 expressing	 TNPO1	 shRNA	 (TNPO1	 depleted	 cells)	 exhibit	 significantly	

lower	 levels	 of	 L1	mRNA	 (ORF2)	 relative	 to	 the	 control	 sequence	 (Figure	 3A,	 left	 panel,	

p=0.0109).	In	contrast,	induced	TNPO1	over-expression	significantly	enhanced	L1	activity	

as	determined	by	ORF2	mRNA	levels	(Figure	3A,	left	panel,	p=0.0072).	Protein	lysates	from	

TNPO1	deficient	cells	and	TNPO1	overexpressing	cells	were	prepared	and	TNPO1	and		
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Figure	 3:	 TNPO1	 knock-down	 reduces	 L1	 activity,	 whereas	 TNPO1	 overexpression	 enhances	 L1	
retrotransposition.	 (A)	 Relative	 expression	 of	 L1	 RNA	 (ORF2)	 normalized	 to	 B2M	 in	 HeLa	 cells	 stably	
transfected	with	a	shControl	(Control),	shTNPO1,	FL-Control	(Control),	or	full-length	TNPO1	overexpression	
(FL-TNPO1)	plasmid	(left	panel).	Relative	expression	of	TNPO1	RNA	normalized	to	B2M	in	the	same	samples	
was	 determined	 (right	 panel).	 Results	 shown	 as	 a	mean	 ±	 SEM	 (n=3,	 independent	 biological	 replicates,	 *,	
p<0.05,	**,	p<0.01,	***,	p<0.001).	(B)	Western	blot	analysis	of	TNPO1	and	alpha-tubulin	(α-tubulin)	(protein	
levels	 in	 HeLa	 cells	 stably	 transduced	with	 Controls,	 shTNPO1,	 or	 FL-TNPO1	 plasmid	 (left	 panels).	 One	 of	
three	representative	examples	is	shown.	Quantification	of	results	(n=3)	normalized	to	alpha-tubulin	is	shown	
(right	panels).	(C)	de	novo	retrotransposition	was	determined	by	quantification	of	neomycin-resistant	foci	of	
HeLa	cells	stably	transfected	with	plasmids	encoding	Controls	(control),	shTNPO1,	FL-Control	or	FL-TNPO1	
co-transfected	 with	 L1	 expression	 plasmid	 (Wild-type	 L1)	 or	 reverse	 transcriptase	 incompetent	 L1	
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expression	plasmid	(RT	dead	L1).	Shown	as	mean	±	SEM	(n=3,	independent	biological	replicates,	*,	p<0.05,	**,	
p<0.01).	Uncropped	versions	of	blots	are	shown	in	Supplementary	Figure	5.	Credit:	A-C,	Adam	Idica.	
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ORF1p	protein	expression	levels	were	found	to	be	substantially	lower	in	TNPO1	deficient	

cells,	 and	 increased	 in	 TNPO1-induced	 cells,	 as	 compared	 to	 controls	 (3B,	 left	 panel,	

quantification,	 right	 panel),	 consistent	with	mRNA	 abundance	 (Figure	 3A).	 Furthermore,	

cells	 deficient	 in	 TNPO1	 exhibited	 a	 significantly	 lower	 number	 of	 neomycin-resistant	

colonies,	 both	 for	 induced	 (Figure	3C,	 left	 panel)	 and	endogenous	L1	activity	 (Figure	3C,	

right	panel)	(utilizing	wildtype	L1	and	RT	dead	L1	encoding	plasmids)	relative	to	controls	

and	 this	 is	 consistent	 with	 lower	 rates	 of	 de	 novo	 retrotransposition	 and	 genomic	

integration	 (Figure	 3C,	 p<0.0001	 and	 p<0.0041).	 We	 verified	 that	 the	 L1	 plasmid	 was	

introduced	into	miR-expressing	HeLa	cells	at	similar	levels	by	quantifying	levels	of	a	neo-

encoding	expression	plasmid	(see	Supplemental	Figure	2B	and	2C).	These	combined	data	

support	 the	 conclusion	 that	 TNPO1	 neutralization	 or	 overexpression	 results	 in	 a	

corresponding	 decrease	 or	 increase	 in	 L1	 mRNA,	 protein	 and	 new	 retrotransposition	

events,	respectively,	and	establish	a	role	of	TNPO1	as	a	novel	and	specific	modulator	of	L1	

activity.														
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TNPO1	depletion	inhibits	L1	nuclear	import.	

Faced	 with	 the	 difficulties	 of	 investigating	 RNA	 and	 proteins	 encoded	 by	

endogenous	L1s,	we	developed	a	construct	expressing	a	tagged	protein	of	L1	containing	HA	

(ORF1p-HA).	 We	 used	 this	 tool	 to	 dissect	 the	 role	 of	 TNPO1	 in	 L1	 nuclear	 import.	 We	

generated	 stable	 TNPO1	 over-expressing	 and	 TNPO1-knock-down	HeLa	 cell	 lines,	which	

were	 transiently	 co-transfected	 with	 full-length	 wild-type	 (WT)	 L1	 and	 ORF1p-HA	 and	

subjected	 cells	 to	 subcellular	 fractionation	 analysis.	 Successful	 clean	 nuclear	 and	

cytoplasmic	fractionations	were	verified	by	determining	the	expression	levels	of	α-tubulin	

(cytoplasmic)	 and	 Lamin	 A/C	 (nuclear)	 (Figure	 4A,	 bottom	 panels,	 Western	 blots)	 and	

TNPO1	knock-down	and	over-expression	were	verified	by	qPCR	(Supplemental	Figure	4A).	

TNPO1	 knock-down	 significantly	 decreased	 L1	 mRNA	 (ORF2)	 expression	 levels	 in	 the	

nuclear	 fractions	 and	 significantly	 enhanced	 L1	 mRNA	 (ORF2)	 expression	 levels	 in	 the	

cytoplasmic	fractions	(Figure	4A,	top	left	panel,	p=0.001	and	p=0.0108).	In	contrast,	TNPO1	

over-expression	significantly	enhanced	L1	mRNA	(ORF2)	expression	 levels	 in	 the	nuclear	

fractions	 (Figure	 4A,	 top	 right	 panel,	 p=0.0022).	 L1	 mRNA	 (ORF2)	 expression	 was	 not	

significantly	altered	in	the	cytoplasmic	fractions.	

	Next	 we	 determined	 the	 effect	 of	 TNPO1	 modulation	 on	 encoded	 L1	 protein	

(ORF1p).	 Analyzing	 the	 ORF1p	 protein	 expression	 levels	 in	 nuclear	 versus	 cytoplasmic	

fractions	 from	 TNPO1	 knock-down	 HeLa	 cells	 lines	 (shTNPO1)	 (shown	 in	 Figure	 3B),	

showed	 a	 substantial	 decrease	 in	 ORF1p	 expression	 levels	 in	 the	 nucleus,	 relative	 to	

controls	(Figure	4A,	middle	panels).	Over-expression	of	TNPO1	(FL-TNPO1)	resulted	in	an	

increased	 nuclear	 L1	 ORF1p	 expression	 as	 compared	 to	 controls	 (Figure	 4A,	 bottom	

panels).	 We	 did	 not	 observe	 a	 significant	 change	 in	 ORF1p	 levels	 in	 the	 cytoplasmic	
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fractions.	This	is	not	too	surprising	as	the	majority	of	ORF1p	is	localized	in	the	cytoplasm,	

thus	changes	in	expression	levels	might	not	be	measurable,	as	opposed	to	expression	levels	

in	the	nucleus.		

Next,	TNPO1	knock-down	or	over-expressing	HeLa	cell	lines	were	transfected	with	

L1-ORF1-HA	or	control	vector	and	ORF1	protein	(ORF1p)	 localization	was	visualized	and	

quantified	 by	 immunofluorescence	 confocal	 analysis.	 As	 the	 FL-TNPO1	 plasmid	 co-

expresses	GFP,	 an	 alternate	 secondary	 antibody	was	 used	 to	 visualize	ORF1p	 in	TNPO1-

induced	HeLa	cell	lines	(AlexaFluor	568).	We	determined	that	TNPO1	depletion	(shTNPO1)	

resulted	in	significantly	less	nuclear	L1	(as	determined	by	ORF1p	expression	in	the	nucleus	

as	 a	 measure	 of	 total	 cellular	 ORF1p)	 relative	 to	 control	 (Figure	 4B,	 top	 panels,	

quantification	 top	 right,	 p<0.0001).	 As	 expected,	 TNPO1	 over-expression	 (FL-TNPO1)	

resulted	 in	 significantly	 enhanced	 localization	 of	 ORF1p	 in	 the	 nucleus	 as	 compared	 to	

control	cells	 (Figure	4B,	bottom	panel,	quantification	bottom	right	panel,	p<0.0001).	As	a	

positive	 control,	 a	 known	TNPO1	 interaction	 partner,	 TBP	 associated	 factor	 15	 (TAF15),	

was	included	(Neumann	et	al.,	2011).	As	expected,	TNPO1	knock-down	resulted	in	TAF15	

localization	to	the	cytoplasm	and	plasma	membrane	(see	Supplemental	Figure	4D).		

Furthermore,	we	 performed	 immunoprecipitation	 analysis	 to	 determine	 if	 TNPO1	

directly	interacts	with	the	ORF1	protein.	HeLa	cells	were	transduced	with	a	tagged	version	

of	 ORF1	 (ORF1p-HA),	 protein-containing	 lysates	 were	 prepared	 and	 ORF1p	

immunoprecipitations	were	performed	and	blotted	 for	TNPO1	and	HA.	Direct	 interaction	

between	 ORF1p	 and	 TNPO1	 was	 confirmed.	 This	 finding	 suggests	 that	 TNPO1	 directly	

binds	to	L1	ORF1p	(Figure	4C).		
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Finally,	we	analyzed	the	effect	of	miR-128-induced	TNPO1	repression	on	L1	nuclear	

import.	miR-128,	anti-miR-128	or	control	miR	HeLa	cells	were	transfected	with	ORF1-HA	

expression	plasmids	and	localization	of	L1	was	analyzed	by	confocal	analysis,	as	described	

above.	miR-128-mediated	TNPO1	repression	(verified	and	shown	in	Figure	1D,	top	panel)	

resulted	in	a	significant	decrease	in	L1	ORF1p	nuclear	localization	(Figure	4D,	right	panel,	

p<0.0001.	 Quantification	 far	 right	 panel),	 whereas	 anti-miR-128-induced	 TNPO1	

expression	significantly	 increased	nuclear	L1	ORF1p	expression	levels	(Figure	4D,	middle	

panel,	p=0.0246.	Quantification,	far	right	panel).	This	body	of	work	supports	the	conclusion	

that	miR-128-induced	TNPO1	repression	results	in	the	loss	of	the	ORF1	interaction	partner	

TNPO1,	blockage	of	nuclear	import	of	L1	ORF1p,	accumulation	of	L1	in	the	cytoplasm	and	a	

significant	reduction	of	L1	retrotransposition.		
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Figure	 4:	 TNPO1	 knockdown	 reduces	 nuclear	 import	 of	 L1,	 whereas	 induced	 expression	 of	 TNPO1	
enhances	 L1	 nuclear	 import.	 (A)	 Relative	 expression	 of	 L1	 RNA	 (ORF2)	 normalized	 to	 B2M	 were	
determined	 in	 the	 nuclear	 (N)	 and	 cytoplasmic	 (C)	 fraction	 of	 cells	 stably	 expressing	 Controls	 (Control),	
shTNPO1,	or	FL-TNPO1.	Results	shown	as	a	mean	±	SEM	(n=3,	independent	biological	replicates,	*,	p<0.05,	**,	
p<0.01)	(top	panel).	Western	blot	analysis	of	L1-ORF1p-HA,	Lamin	A/C,	or	alpha-tubulin	(α-tubulin)	protein	
levels	 in	 nuclear	 (N)	 or	 cytoplasmic	 (C)	 fractions	 of	HeLa	 cell	 protein-containing	 lysates	 stably	 expressing	
Controls,	 shTNPO1	or	FL-TNPO1	(bottom,	 left	panels)	 (one	representative	of	3	 is	 shown).	Quantification	of	
results	(n=3)	normalized	to	Lamin	A/C	(nuclear),	or	α-tubulin	(cytoplasmic)	 is	shown	(bottom	right	panel).	
(B)	Localization	of	L1	ORF1p-HA	was	determined	 in	HeLa	cells	stably	expressing	Controls,	shTNPO1	or	FL-
TNPO1,	 then	transfected	with	the	expression	plasmid	for	ORF1p-HA.	Representative	orthogonal	views	of	z-
stack	images	are	shown.	Quantification	of	L1	ORF1p-HA	localization	to	the	nucleus	(represented	as	a	ratio	of	
positive	L1	ORF1p	staining	in	nucleus/all	L1	ORF1p	in	the	image)	is	shown.	Results	are	shown	as	the	mean	
percentage	 of	 L1	 ORF1p	 in	 the	 nucleus	 ±	 SEM	 (n=10,	 technical	 replicates	 of	 3	 independent	 biological	
replicates,	****,	p<0.0001).	TAF15,	a	verified	TNPO1	cargo,	was	used	as	a	positive	control	(see	Supplemental	
Figure	4D).	(C)	HeLa	cells	were	transfected	with	ORF1-HA	expression	plasmid,	HA	was	immunoprecipitated	
and	 co-immunoprecipitated	 TNPO1	 was	 determine	 by	 blotting	 for	 native	 TNPO1.	 (One	 representative	
example	 out	 of	 two	 is	 shown).	 (D)	 Localization	 of	 L1	 ORF1p-HA	 was	 determined	 in	 HeLa	 cells	 stably	
transduced	 with	 miR	 control	 (control),	 anti-miR-128,	 or	 miR-128,	 then	 transfected	 with	 the	 ORF1p-HA	
expression	 plasmid.	 Representative	 orthogonal	 views	 of	 z-stack	 images	 are	 shown.	 Quantification	 of	 L1	
ORF1p-HA	localization	to	the	nucleus	(represented	as	a	percentage	of	L1	ORF1p	in	nucleus/all	L1	ORF1p	in	
the	image)	is	shown	as	the	mean	percentage	of	L1	ORF1p	in	the	nucleus	±	SEM	(n=10,	technical	replicates	of	3	
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independent	 biological	 replicates,	 *,	 p<0.05,	 ****,	 p<0.0001).	 Uncropped	 versions	 of	 blots	 are	 shown	 in	
Supplementary	Figure	5.	Credit	A-D,	Adam	Idica.	
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TNPO1	is	a	functional	target	of	miR-128-induced	L1	repression		

We	have	previously	demonstrated	 that	miR-128	 targets	L1	RNA	and	 represses	L1	

activity	by	a	direct	interaction,	similar	to	how	miRs	represses	replication	of	RNA	virus	48,49.	

With	 this	 in	 mind	 we	 wished	 to	 examine	 the	 significance	 of	 TNPO1	 as	 an	 additional	

functional	mediator	of	miR-128-induced	L1	repression.		

In	order	to	explore	this	question,	we	performed	a	series	of	rescue	experiments.	First	

we	introduced	a	construct	expressing	TNPO1	into	miR-128	over-expressing	HeLa	cell	lines.	

Expression	 levels	 of	 TNPO1	 were	 verified	 by	 qPCR	 (see	 Supplemental	 Figure	 4B).	 The	

results	showed	that	miR-128	significantly	represses	L1	activity	as	previously	determined	

(Figure	1A,	Figure	4C	and	29)	and	that	TNPO1	could	partly	and	significantly	decrease	miR-

128-induced	 L1	 repression,	 as	 determined	 by	ORF2	mRNA	 expression	 levels	 (Figure	 5A,	

left	panel	p=0.0451),	nuclear	ORF1p	expression	as	determined	by	confocal	analysis	(Figure	

5B,	 top	 panel,	 quantification	 top	 right	 panel,	 p=0.0004)	 and	 colony	 formation	 assay	

analysis	of	de	novo	retrotransposition,	relative	to	controls	(Figure	5C,	left	panel,	p=0.0046).		

Next	 we	 wished	 to	 determine	 the	 importance	 of	 miR-128-induced	 TNPO1	

repression	 on	 L1	 activity,	 independent	 of	 direct	 targeting	 of	 L1	 RNA.	 We	 utilized	 a	 L1	

mutant	 vector,	 in	which	 the	miR-128	 binding	 site	 had	 been	mutated	 and	miR-128	 is	 no	

longer	 able	 to	 bind	 (See	 Supplemental	 Figure	 1C	 and	 29).	miR-128	over-expressing	HeLa	

cells	were	transfected	with	L1	mutant	and	TNPO1.	The	results	showed	that	TNPO1	could	

still	 partly	 and	 significantly	 decrease	miR-128-induced	 L1	 repression,	 as	 determined	 by	

ORF2	qPCR	 (Figure	5A,	 right	panel,	 p=0.0067),	 nuclear	ORF1p	 (Figure	5B,	 bottom	panel,	

quantification	 bottom	 right	 panel,	 p<0.0001)	 and	 new	 retrotransposition	 events	 as	

compared	to	control	(Figure	5C,	right	panel,	p=0.0054).		
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Finally,	repression	of	TNPO1	was	performed	(using	TNPO1	shRNA)	in	anti-miR-128	

stable	HeLa	 cells	 (in	which	endogenous	 levels	of	miR-128	had	been	neutralized).	TNPO1	

expression	 levels	were	verified	by	qPCR	(see	 supplemental	Figure	4C).	As	 shown	TNPO1	

depletion	 in	 anti-miR-128	 HeLa	 cells	 resulted	 in	 a	 partial	 and	 significant	 rescue	 of	 the	

inhibitory	effect	of	miR-128	on	L1	activity	(ORF2	mRNA)	(Figure	5D,	p=0.0024),	L1	ORF1p	

nuclear	 localization	 by	 confocal	 analysis	 (Figure	 5E,	 quantification	 right	 panel,	 p=0.005)	

and	 retrotransposition	 and	 integration,	 as	 determined	 by	 functional	 colony	 formation	

assays	relative	to	control	(Figure	5F,	p=0.0093).	These	combined	results	strongly	support	

the	conclusion	 that	TNPO1	 is	 indeed	a	 functional	 target	 for	miR-128	and	required	 for	L1	

nuclear	import	and	L1	replication.			

In	summary,	we	propose	a	model	for	miR-128-induced	L1	repression	in	which	miR-

128	acts	by	directly	targeting	L1	RNA	(Hamdorf	et	al.,	2015),	as	well	as	indirectly	reducing	

L1	 activity	 by	 repressing	 a	 cellular	 factor	 required	 for	 L1	 nuclear	 import	 (TNPO1)	 (See	

Figure	5G).	We	speculate	that	this	dual	mechanism	helps	secure	L1	restriction	and	thus	L1-

induced	mutagenesis	in	somatic	cells.		
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Figure	5:	TNPO1	functions	as	a	nuclear	import	factor	of	L1	and	can	partly	block	miR-128-induced	
repression	of	L1	retrotransposition	and	genomic	integration	(A)	Relative	expression	of	L1	RNA	(ORF2)	
relative	to	B2M	in	HeLa	cells	stably	transduced	with	control	miR	(control)	or	miR-128,	transfected	with	FL-
control	or	FL-TNPO1,	and	co-transfected	with	miR-128	mutant	L1	(to	which	miR-128	can	no	longer	bind,	
miR-128	mutant)	expression	plasmid.	Results	are	shown	as	a	mean	±	SEM	(n=3,	independent	biological	
replicates,	*,	p<0.05).	(B)	Localization	of	L1	ORF1p-HA	was	determined	in	HeLa	cells	stably	transduced	with	
control	miR	(control)	or	miR-128,	then	transfected	with	FL-control	or	FL-TNPO1,	and	co-transfected	with	
miR-128	mutant	L1	expression	plasmid.	Representative	orthogonal	views	of	z-stack	images	are	shown.	
Quantification	of	L1	ORF1p-HA	localization	to	the	nucleus	is	shown	as	the	mean	percentage	of	L1	ORF1p	in	
the	nucleus	(represented	as	a	percentage	of	L1	ORF1p	in	nucleus/all	L1	ORF1p	in	the	image)	±	SEM	(n=10,	
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technical	replicates	of	3	independent	biological	replicates,	***,	p<0.001,	****,	p<0.0001).	(C)	de	novo	
retrotranposition	was	determined	by	the	change	in	colony	count	of	neomycin-resistant	foci	of	HeLa	cells	
stably	transduced	with	control	miR	(control)	or	miR-128,	transfected	with	FL-control	or	FL-TNPO1,	and	co-
transfected	with	miR-128	mutant	L1	expression	plasmid.	Results	are	shown	as	a	mean	±	SEM	(n=3,	
independent	biological	replicates,	*,	p<0.05,	**,	p<0.01).	(D)	Relative	expression	of	L1	RNA	(ORF2)	
normalized	to	B2M	in	HeLa	cells	stably	transduced	with	control	miR	(control)	or	anti-miR-128,	transfected	
with	shControl	or	shTNPO1,	and	co-transfected	with	wild-type	L1	plasmid.	Results	are	shown	as	a	mean	±	
SEM	(n=3,	independent	biological	replicates,	*,	p<0.05,	**,	p<0.01).	(E)	Localization	of	L1	ORF1p-HA	was	
determined	in	HeLa	cells	stably	transduced	with	control	miR	(control)	or	anti-miR-128,	then	transfected	with	
shControl	or	shTNPO1,	and	co-transfected	with	wild-type	(WT)	L1	expression	plasmid.	Representative	
orthogonal	views	of	z-stack	images	are	shown.	Quantification	of	L1	ORF1p-HA	localization	to	the	nucleus	is	
shown	as	the	mean	percentage	of	L1	ORF1p	in	the	nucleus	±	SEM	(n=10,	technical	replicates	of	3	independent	
biological	replicates,	*,	p<0.05,	**,	p<0.01).	(F)	New	retrotransposition	events	was	determined	by	change	in	
colony	count	of	neomycin-resistant	foci	in	HeLa	cells	stably	transduced	with	control	miR	(control)	or	anti-
miR-128,	transfected	with	shControl	or	shTNPO1,	and	co-transfected	with	wild-type	(WT)	L1	expression	
plasmid.	Results	are	shown	as	a	mean	±	SEM	(n=3,	independent	biological	replicates,	*,	p<0.05,	**,	p<0.01).	
(G)	Cartoon	representation	of	miR-128-induced	repression	of	L1	retrotransposition	and	genomic	integration	
in	somatic	cells.	miR-128	inhibits	L1	activity	by	directly	targeting	of	L1	RNA,	as	well	as	indirectly	by	
repressing	the	expression	levels	of	the	key	cellular	co-factor	TNPO1,	which	L1	is	dependent	on	for	nuclear	
import	and	replication.	Credit:	A-G,	Adam	Idica.				
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DISCUSSION		

Our	present	data	now	provides	additional	mechanistic	context	for	our	earlier	report	

that	miRs	have	adopted	part	of	piRNAs	role	in	somatic	cells	in	order	to	function	as	genomic	

gatekeepers	 by	 directly	 repressing	 retrotransposon-induced	 mutagenesis	 29.	 Our	 results	

demonstrate	 that	miR-128	 functions	 in	 a	dual	mechanistic	 fashion	by	 repressing	 the	key	

cellular	co-factor,	TNPO1,	which	L1	is	dependent	on	for	nuclear	import,	retrotransposition	

and	genomic	integration.	This	finding	is	not	too	surprising	as	TNPO1	previously	has	been	

shown	to	 function	 in	nuclear	transport	of	cargoes,	which	 includes	viral	proteins	37,38.	Our	

results	suggest	that	cargoes	of	retroviral	elements	such	as	L1	elements,	should	be	included.		

TNPO1	belongs	to	the	family	of	transportins,	which	also	includes	TNPO2	and	TNPO3	

50.	All	three	protein	subtypes	are	expressed	in	all	examined	tissues	and	function	in	nuclear	

import	 44-47,50.	 Interestingly,	 miR-128	 harbors	 predicted	 binding	 sites	 in	 all	 three	 TNPO	

mRNAs	and	our	preliminary	results	show	that	miR-128	does	down-regulate	the	expressing	

level	 of	 TNPO1,	 TNPO2	 and	 TNPO3	mRNAs.	 This	 finding	 has	 important	 implications,	 as	

TNPO3	is	a	demonstrated	cellular	co-factor,	which	HIV-1	requires	for	nuclear	import	of	the	

pre-integration	 complex	 (PIC)	 and	 viral	 replication	 51-53.	 We	 anticipate	 that	 miR-128-

induced	TNPO3	repression	could	have	significant	effects	on	the	viral	life	cycle	of	HIV.		

In	 addition,	 if	 the	 prediction	 that	miR-128	 represses	 pathogenic	 RNA	 encoded	 by	

either	 cellular	 “pathogens”	 (L1)	 and	 external	 pathogens	 like	HIV,	 it	will	 be	 important	 to	

study	the	regulation	of	this	small	RNA	in	the	context	of	L1	derepression	and	viral	infection.		

Furthermore,	 miR-128	 has	 previously	 been	 demonstrated	 also	 to	 function	 as	 a	

tumor	 suppressor	 by	 inhibition	 of	 stemness	 and	 epithelial	 to	 mesenchymal	 transition	

(EMT)	through	the	regulation	of	target	mRNAs	including,	but	not	limited	to	Bmi-1,	Nanog,	
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HIF-1,	VEGF,	TGFBR1,	EGFR	54-59.	We	anticipate	that	increases	in	L1-mediated	mutagenesis	

may	 be	 another	mechanism	 by	which	miR-128	 loss	 plays	 a	 role	 in	 tumor	 initiation	 and	

tumor	cell	progression.		

Finally,	 it	 is	 interesting	to	note	that	 the	brain	expresses	~70%	of	all	mature	miRs,	

that	miR-128	 is	highly	enriched	 in	the	brain	as	compared	to	other	human	tissue	60,61	and	

that	 L1	 retrotransposition	 has	 surprisingly	 been	 found	 derepressed	 in	 neuronal	

progenitors,	 leading	 to	 somatic	 brain	mosaicism	and	potentially	 enhanced	plasticity	 62,63.	

These	 findings	 suggest	 a	 potential	 important	 role	 for	 miR-128	 also	 in	 the	 regulation	 of	

genomic	instability	and	plasticity	in	the	human	brain.						

	 In	 summary,	 we	 have	 identified	 TNPO1	 as	 a	 novel	 miR-128	 target.	 We	 have	

demonstrated	 that	 TNPO1	 directly	 interacts	 with	 ORF1p,	 and	 that	 L1	 nuclear	 import	 is	

dependent	on	TNPO1.	Finally,	our	rescue	experiments	demonstrate	that	miR-128-induced	

L1	 repression	 is	 partly	 dependent	 on	 TNPO1,	 suggesting	 that	 miR-128	 represses	 L1-

induced	mutagenesis	in	somatic	cells,	by	a	dual	mechanism	namely	by	direct	targeting	L1	

RNA	29	and	indirectly,	by	repressing	the	cellular	co-factor	TNPO1,	which	L1	is	dependent	on	

for	nuclear	import,	retrotransposition	and	genomic	integration.					
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Supplementary	 Figure	 1:	 Plasmids	 and	 L1	 variants.	 (A)	 Schematic	 of	 the	 luciferase	 or	 neomycin-
resistance	 based	 LINE-1retrotransposition	 reporter:	 a	 retrotransposition	 indicator	 cassette,	 consisting	 of	 a	
SV40	 driven	 neomycin-resistance	 or	 a	 firefly	 luciferase	 gene	 is	 inserted	 in	 antisense	 orientation	 into	 the	
3’UTR	of	a	full-length	L1	element	and	disrupted	by	an	intron	in	the	sense	orientation.	The	resistance	marker	
or	 luciferase	 can	 only	 be	 activated	 after	 one	 round	 of	 L1	 retrotransposition,	 when	 the	 spliced	 variant	 is	
integrated	 into	 the	 genome,	 thus	 allowing	 the	 selection	 or	 quantification	 of	 luciferase	 of	 cells	 with	 new	
retrotransposition	events	in	culture.	(B)	Schematic	following	the	strategy	of	Wei	et	al	(64),	a	D702A	mutation	
was	 introduced	 in	 the	 RT	 domain	 of	 L1	 ORF2	 in	 the	WT	 plasmid	 (pJM101)	 generated	 a	 retrotransposon-
deficient	copy	of	L1,	allowing	for	the	exclusion	of	exogenous	L1	activity	in	RT	dead	experiments.	(C)	Diagram	
of	miR-128	binding	site	in	ORF2	of	L1	mRNA.	The	mutant	plasmid	(mutated	seed	sequence,	miR-128	mutant)	
encodes	 the	 full-length	 L1	mRNA	with	 a	 silent	mutation	 in	 the	 protein	 coding	 sequence	 but	 introduced	 a	
mismatch	in	the	seed	sequence-binding	site	for	miR-128.	The	plasmid	encodes	a	fully	functional	protein	and	
LINE-1	activity,	but	does	not	serve	as	a	perfect	miR-128	binding	site	(shown	in	red).	
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Supplementary	Figure	2:	L1	 transfection	controls	 in	HeLa	cells.	(A)	HeLa	plasmid	 levels	 (Neo	plasmid,	
constitutive	Neomycin-resistance	only)	control	for	Colony	Formation	Assay	verified	that	miR-128	modulation	
itself	did	not	affect	plasmid	transfection	levels	(neo	resistant	colonies)	as	compared	to	cells	non-modulated	
controls.	 	 (B)	 Knockdown	 of	 TNPO1	 using	 shRNA	 did	 not	 affect	 plasmid	 transfection	 levels	 for	 Colony	
Formation	Assay	as	shown	by	neomycin-resistant	clones.	(C)	Overexpression	of	TNPO1	did	not	affect	plasmid	
transfection	levels	for	Colony	Formation	Assay	as	shown	by	neomycin-resistant	clones.	
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Supplementary	 Figure	 3:	 Experimentally-validated	 bioinformatic	 targets	 of	 miR-128.	 (A)	 Relative	
levels	of	 target	RNA	normalized	 to	B2m	 from	HeLa	cells	 transiently	 transfected	with	miR-control	mimic	or	
miR-128	mimic	were	determined	for	13	bioinformatically-determined	targets.	
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Supplementary	Figure	4:	TNPO1	level	modulation.	(A)	Relative	levels	of	TNPO1	RNA	normalized	to	B2M	
in	 nuclear	 (N)	 and	 cytoplasmic	 (C)	 fractions	 in	 HeLa	 cells	 where	 TNPO1	was	 stably	 decreased	 by	 shRNA	
against	 TNPO1	 (shTNPO1)	 or	 overexpressed	 (FL-TNPO1)	 relative	 to	 controls	 (shGFP	 and	 empty	 vector	
respectively).	 TNPO1	 levels	 correspond	 with	 L1	 ORF2	 RNA	 levels	 in	 nuclear	 and	 cytoplasmic	 fractions	
observed	 in	 figure	 4A.	 (B)	 Relative	 levels	 of	 TNPO1	 RNA	 relative	 to	 B2M	 in	 HeLa	 cells	 with	 stable	
overexpression	 of	miR-128	 and	 FL-TNPO1	 transfected	with	 either	wild	 type	 or	mutant	 (miR-128	mutant)	
pJM101	in	which	the	miR-128	binding	site	was	silently	mutated.	Transfection	of	either	wild	type	and	mutant	
PJM101	 plasmids	 results	 in	 significantly	 lower	 TNPO1	 levels	 when	 miR-128	 is	 overexpressed,	 and	
significanlty	 increased	 TNPO1	 levels	 when	 FL-TNPO1	 is	 overexpressed,	 thus	 rescuing	 levels	 of	 TNPO1.	
TNPO1	 levels	 correspond	 with	 L1	 RNA	 (ORF2)	 levels	 in	 rescue	 experiments	 described	 in	 figure	 5A.	 (C)	
Relative	 levels	 of	 TNPO1	RNA	normalized	 to	 B2M	 in	HeLa	 cells	with	 stable	 neutralization	 of	miR-128	 and	
knockdown	of	TNPO1	transfected	with	wild	type	PJM101.	Neutralization	of	miR-128	significantly	derepresses	
TNPO1	 levels	 and	 subsequent	 knockdown	 with	 shTNPO1	 significantly	 decreases	 levels	 of	 TNPO1.	 TNPO1	
levels	 correspond	 with	 L1	 ORF2	 RNA	 levels	 in	 rescue	 experiments	 described	 in	 figure	 5D.	 	 (D)	
Immunofluorescence	staining	for	a	known	TNPO1	interaction	partner	TBP	associated	factor	15	(TAF15)	65	in	
HeLa	cells	with	decreased	levels	of	TNPO1	(shTNPO1)	or	increased	levels	of	TNPO1	(FL-TNPO1)	relative	to	
controls.						
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Supplementary	Figure	5:	Western	Blots.	(A)	Uncropped	Western	blots	from	figure	1D	probing	for	levels	of	
TNPO1	protein	and	L1	ORF1p	relative	to	GAPDH	in	HeLa	cells	stably	expressing	miR-128,	neutralized	miR-
128	(anti-miR-128)	or	control	miR.	(B)	Uncropped	Western	blots	from	figure	3B	probing	for	levels	of	TNPO1	
relative	to	alpha-tubulin	in	HeLa	cells	with	TNPO1	levels	stably	reduced	(shTNPO1)	or	increased	(FL-TNPO1)	
relative	to	controls.	(C)	Uncropped	Western	blots	from	figure	4A	probing	for	 levels	of	L1	ORF1p	relative	to	
alpha	tubulin	for	cytoplasmic	fractions	(C)	or	Lamin	A/C	for	nuclear	fractions	(N)	in	HeLa	cells	with	TNPO1	
levels	stably	reduced	(shTNPO1)	or	increased	(FL-TNPO1)	relative	to	controls.	
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Chapter	4	
	

miR-128	represses	L1	retrotransposition	by	targeting	hnRNP	A1		
	

	
	
ABSTRACT	

	 L1	retrotransposons	make	up	approximately	17%	of	the	human	genome	and	are	the	

only	human	transposons	capable	of	autonomous	replication.	Active	L1	retrotransposition	

increases	the	mutational	burden	in	cells,	contributing	to	genetic	diversity	and	mutagenesis.	

Several	mechanisms	have	evolved	to	restrict	L1	retrotransposition	in	somatic	cells	including	

methylation	 of	 the	 L1	 promoter,	 degradation	 by	 the	 microprocessor	 (Drosha-DGCR8)	

complex	and	microRNAs	(miRs).	miRs	are	small	non-coding	RNAs	that	post-transcriptionally	

repress	 target	 gene	 products	 often	 found	 in	 the	 same	 cellular	 pathways.	 Heterogenous	

nuclear	ribonucleoprotein	A1	(hnRNP	A1),	one	of	the	most	abundant	proteins	in	the	nucleus,	

has	been	found	to	interact	with	L1	ORF1p	protein.	Here	we	show	that	miR-128	represses	

hnRNP	A1	amounts	at	the	mRNA	and	protein	level.	We	also	show	that	repression	of	hnRNP	

A1	using	 shRNA	 significantly	decreases	de	novo	 L1	 retrotransposition	 in	HeLa	 cells.	This	

suggests	an	additional	mechanism	by	which	miR-128	may	repress	L1	retrotransposition.	

	

INTRODUCTION	

Long-interspaced	 nuclear	 elements-1	 (LINE-1	 or	 L1)	 are	 the	 only	 autonomous	

transposable	elements	in	humans	and	account	for	approximately	17%	of	the	human	genome	

1-3.	 Although	 the	 majority	 of	 L1	 encoded	 in	 the	 genome	 is	 truncated	 and	 inactive,	

approximately	100	copies	of	intact	and	active	L1	are	~6	kilobase	pairs	(kb)	in	length	and	
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contain	a	5’UTR,	three	open-reading	frames	–	ORF1,	ORF2	and	ORF0	–	and	a	short	3’UTR.	

The	5’UTR	has	promoter	activity	in	both	the	sense	and	antisense	direction	4-6.	ORF1	encodes	

a	40	kDa	protein	with	RNA-binding	and	nucleic	acid	chaperone	activity	and	ORF2	encodes	a	

150	 kDa	 protein	 with	 endonuclease	 and	 reverse	 transcriptase	 activities	 7-9.	 ORF0	 is	

transcribed	 in	 the	 antisense	 direction	 and	 encodes	 a	 protein	 that	 enhances	 L1	

retrotransposition;	however,	the	exact	mechanism	remains	unknown	10.	L1	mobilizes	and	

replicates	via	an	RNA	intermediate	by	a	“copy	and	paste”	mechanism	11,12.		

Integration	of	L1	at	new	locations	in	the	genome	generates	mutations	that	can	create	

new	genes	or	affect	gene	expression	13,14.	L1	retrotransposition	is	associated	with	a	variety	

of	diseases	ranging	from	Hemophilia	to	cancer	and	developmental	abnormalities	2,15-17.	As	a	

result,	multiple	mechanisms	have	evolved	to	regulate	L1	activity.	In	germ	cells,	specific	small	

RNA	subtypes	 (piRNAs)	efficiently	 counteract	L1	activity	by	CpG	DNA	methylation18,19	or	

post-translational	modification	of	histones	20-24.	In	somatic	cells,	L1	transcription	is	primarily	

inhibited	by	DNA	methylation	of	the	L1	promoter	25,26.	In	hypomethylated	cell	populations	

such	as	cancer	cells	or	pluripotent	stem	cells,	the	L1	promoter	is	often	de-repressed	allowing	

for	 active	 L1	 replication	 and	 retrotransposition	 26-28.	 Under	 these	 conditions	 other	

mechanisms	of	L1	restriction	are	important,	including	DNA	and	RNA	editing	proteins	(AID,	

APOBECs,	ADAR)	29,30,	DNA	repair	(ERCC1/XPF)	31,	 the	microprocessor	32	and	microRNAs	

(miRs).	

miRs	are	believed	to	regulate	over	50%	of	the	human	transcriptome	with	targets	in	

all	known	cellular	pathways,	alluding	to	the	importance	of	gene	regulation	by	non-coding	

RNAs	 (ncRNA)	 33,34.	 miRs	 are	 endogenously	 encoded	 21–24-nucleotide	 (nt)	 RNAs	 that	

regulate	the	expression	of	mRNAs	containing	complementary	sequences.	After	transcription	
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and	 processing	 in	 the	 nucleus,	 the	 mature	 miR	 is	 loaded	 onto	 specific	 Argonaute	 (Ago)	

proteins	 -	 referred	 to	 as	 a	 miR-induced	 silencing	 complex	 (miRISC)	 –	 in	 the	 cytoplasm.	

Complementarity	between	the	miR	(5’	position	2-7)	and	a	mRNA	target	“seed”	site	usually	

results	in	reduced	protein	expression	through	a	variety	of	mechanisms	that	involve	mRNA	

degradation	and	translational	repression	35,36.		

We	 previously	 discovered	 that	 the	 miR	 (miR-128)	 represses	 activity	 of	 L1	

retrotransposons	in	somatic	cells	and	determined	a	novel	mechanism	for	this	regulation	in	

that	miR-128	binds	directly	to	the	ORF2	coding	region	of	L1	RNA	resulting	in	L1	repression	

37.	Since	miRs	tend	to	be	highly	pleiotropic	and	repress	many	cellular	co-factors	in	the	same	

pathway	38-41,	we	conducted	an	RNAi	screen	for	targets	of	miR-128	that	may	be	involved	in	

L1	retrotransposition	(e.g.	involved	in	cell	cycle,	nuclear	import,	RNA	metabolism).	We	found	

that	miR-128	represses	the	cellular	factor	Transportin	1	(TNPO1)	which	is	involved	in	active	

nuclear	 import;	 further	 investigation	 determined	 that	 miR-128-mediated	 repression	 of	

TNPO1	resulted	in	a	significant	decrease	of	de	novo	L1	retrotransposition	and	suggested	a	

possible	role	in	restricting	the	nuclear	import	of	L1-ORF1p	(Chapter	3).		

Considering	miRs	often	regulate	multiple	cellular	co-factors	in	the	same	pathway,	we	

looked	 to	 identify	 additional	 cellular	 targets	 of	 miR-128	 that	 are	 involved	 in	 L1	

retrotransposition.	 Here	 we	 report	 for	 the	 first	 time	 that	 miR-128	 also	 represses	

retrotransposition	 by	 targeting	 a	 key	 cellular	 factor	 required	 for	 L1	 retrotransposition,	

heterogenous	 nuclear	 ribonucleoprotein	 A1	 (hnRNP	 A1).	 HnRNP	 A1	 is	 one	 of	 the	 most	

abundant	proteins	in	the	nucleus	and	is	expressed	in	all	cell	types	and	tissues	42.	hnRNP	A1	

proteins	 are	 involved	 in	 both	 DNA	 and	 RNA	 metabolism	 including	 genomic	 stability,	

telomere	binding,	and	replication	of	HIV-1	43-45.	HnRNP	A1	is	bound	to	poly	(A)	sequences	of	
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RNA	on	both	the	cytoplasm	and	nucleus	46	and	accompanies	mature	transcripts	through	the	

Nuclear	 Pore	 Complex,	 supporting	 its	 proposed	 role	 in	 mRNA	 shuttling	 47.	 The	 nuclear	

localization	of	hnRNP	A1	depends	on	a	38aa	long	nuclear	localization	sequence	known	as	M9	

48-50	which	 binds	 to	 TNPO1	 to	mediate	 shuttling	 through	 the	 nuclear	 pore	 complex	 51-56.	

Recently,	 it	was	 found	 that	hnRNP	A1	 interacted	with	L1	ORF1p	 through	an	RNA	bridge,	

likely	as	part	of	the	L1	RNP	complex	57.	In	this	study,	we	find	that	miR-128	targets	the	Coding	

DNA	 Sequence	 (CDS)	 of	 hnRNP	A1	 and	 represses	 its	 expression.	 In	 addition,	 our	 results	

suggest	a	scenario	in	which	hnRNP	A1	is	required	for	efficient	L1	replication	and	de	novo	

retrotransposition.	Thus,	we	have	discovered	another	direct	target	of	miR-128	(hnRNP	A1)	

and	shown	for	the	first	time	that	hnRNP	A1	repression	is	an	additional	mechanism	by	which	

miR-128	controls	L1	retrotransposition	in	somatic	cells.	

	

RESULTS	

Identification	of	cellular	targets	involved	in	the	regulation	of	L1	retrotransposition	

We	 previously	 determined	 that	 miR-128	 directly	 targets	 L1	 RNA	 and	 represses	

retrotransposition	 and	 de	 novo	 genomic	 integration	 in	 somatic	 cells	 37.	 Recently,	 we	

determined	 that	miR-128	directly	 inhibits	 the	 cellular	 target	Transportin	1	 (TNPO1)	and	

decreases	de	novo	 L1	 retrotransposition	by	possibly	 repressing	 the	nuclear	 import	 of	 L1	

ORF1p	(Chapter	3).	To	identify	additional	possible	cellular	targets	involved	in	the	regulation	

of	L1	retrotransposition,	we	performed	a	genome-wide	screen	for	potential	targets	utilizing	

DGCR8	 -/-	 mouse	 embryonic	 stem	 cells	 (mES).	 DGCR8	 is	 a	 critical	 component	 of	 the	

microprocessor	 involved	 in	 processing	 pri-miRs	 into	 their	mature	 forms	 58.	 In	DGCR8-/-	

cells,	pri-miR	 transcripts	cannot	be	 further	processed	by	 the	microprocessor	and	are	not	
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loaded	into	a	RISC	complex	59.	As	a	result,	the	DGCR8	-/-	system	is	largely	free	of	mature,	

biologically	 active	 canonical	 miRs	 aside	 from	 the	 transfected	 miR	 of	 interest,	 miR-128.	

Through	analysis	and	identification	of	reduced	gene	expression	in	miR-128-transfected	cells	

relative	to	miR	controls,	this	system	serves	as	a	powerful	way	to	identify	potential	targets	of	

miR-128	 in	 the	 absence	 of	 other	 miRs.	 Briefly,	 DGCR8	 -/-	 mES	 cells	 were	 transiently	

transfected	with	either	miR-128	or	miR	control	mimics.	RNA	was	then	isolated	and	used	for	

RNA-seq	analysis.		When	utilizing	the	DGCR8	-/-	system,	it	is	difficult	to	tease	apart	which	

differentially	expressed	genes	are	the	result	of	direct	or	indirect	repression	by	miR-128.	To	

address	 this,	we	 lysed	 cells	 and	 isolated	 RNA	 12	 hours	 after	 transfection	with	miR-128,	

capturing	the	gene	expression	profile	of	cells	where	miR-128	may	mediate	direct	repression	

without	allowing	enough	 time	 for	 secondary	 feedback	effects	 from	 indirect	 regulation	by	

miR-128.		

To	 evaluate	 direct	 targets	 of	 miR-128	 that	 may	 also	 interact	 with	 the	 L1	

retrotransposition	 pathway,	 the	 intersection	 of	 differentially	 expressed	 genes	 from	 the	

DGCR8	-/-	screen	and	known	interaction	partners	of	L1	ORF1-encoded	protein	(ORF1p)	57		

was	analyzed;	interestingly,	the	list	contained	several	members	of	the	heterogenous	nuclear	

ribonucleoprotein	family	including	hnRNP	A1,	hnRNP	A2B1,	hnRNP	K,	hnRNP	L	and	hnRNP	

U	(Figure	1A).	To	validate	the	findings	in	the	primary	DGCR8	-/-	mES	screen,	we	generated	

lentiviruses	 containing	 plasmids	 encoding	 miR-128,	 anti-miR-128	 or	 scramble	 control	

oligonucleotides.	 HeLa	 cells	 were	 transduced	 with	 the	 lentiviruses	 and	 selected	 with	

puromycin	to	generate	stable	miR-128,	anti-miR-128	or	control	lines.	We	verified	that	the	

generated	miR	lines	expressed	increased	(miR-128)	or	decreased	(anti-miR-128)	miR-128	

expression	levels	by	performing	both	miR-128-specific	qPCR	analysis	as	well	as	analysis	of	
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a	verified	miR-128	target	(BMI1)60.	Next,	we	then	determined	the	relative	mRNA	expression	

of	hnRNP	A1,	hnRNP	A2B1,	hnRNP	K,	hnRNP	L	and	hnRNP	U	in	each	of	the	stable	miR-128,	

anti-miR-128	or	control	expressing	cell	lines.	Amount	of	hnRNP	A1	mRNA	was	significantly	

reduced	in	cells	overexpressing	miR-128	relative	to	controls	(Figure	2B,	top	left	panel,	n=3	

technical	 replicates,	 p=0.0007).	 In	 cells	where	 endogenous	miR-128	was	 neutralized	 (by	

anti-miR-128),	the	amount	of	hnRNP	A1,	hnRNP	A2B1,	hnRNP	K	and	hnRNP	U	mRNA	was	

significantly	 increased	 (Figure	 2B,	 n=3	 technical	 replicates,	 hnRNP	 A1	 p=0.0108,	 hnRNP	

A2B1	p=0.0039,	hnRNP	K	p=0.0187,	hnRNP	U	p=0.0036).	These	results	are	surprising	given	

that	miR-128	overexpression	did	not	 significantly	 decrease	 the	 amount	 of	mRNA	 for	 the	

same	targets.	This	suggests	that	hnRNP	A1	is	a	specific	target	of	miR-128	since	the	amount	

of	mRNA	 is	 significantly	decreased	or	 increased	with	 a	 corresponding	overexpression	or	

neutralization	of	miR-128	respectively.		We	decided	to	focus	our	analysis	on	hnRNP	A1	due	

to	results	from	the	mRNA	analysis	from	the	primary	screen	and	the	documented	interaction	

of	hnRNP	A1	protein	with	L1	ORF1p	57.	
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Figure	1:	Identification	of	hnRNP	A1	as	a	cellular	target	of	miR-128.	(A)	Venn-diagram	representing	the	
L1	 ORF1p	 interactome	 57	 and	 differentially	 expressed	 genes	 from	 the	 DGCR8	 -/-	 screen	 (AI,	 AM).	 Many	
members	of	the	hnRNP	family	of	proteins	appeared	in	the	intersection	of	these	two	datasets	(LF).	(B)	Relative	
amount	of	hnRNP	A1,	hnRNP	A2B1,	hnRNP	K,	hnRNP	L	and	hnRNP	U	mRNA	normalized	to	B2M	determined	in	
HeLa	cells	stably	transduced	with	control	miR,	anti-miR-128	or	miR-128	are	shown	as	mean	±	SD	(AB,	AI,	n=3	
technical	replicates,	*,	p<0.05,	**,	p<0.01,	***,	p<0.001).	Credit:	A,	Adam	Idica	and	Lianna	Fung;	B,	Adam	Idica,	
Lianna	Fung,	and	Aurore	Bocknakian.						
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miR-128	represses	hnRNP	A1	mRNA	and	protein	amounts	

	 First,	we	evaluated	 the	effects	of	miR-128	neutralization	or	overexpression	on	 the	

amount	of	hnRNP	A1	mRNA	by	transducing	HeLa	cells	with	high-titer	lentivirus	containing	

constructs	 expressing	 miR-128,	 anti-miR-128,	 or	 control	 sequences	 (Figure	 2A).	 Stably-

transduced	 HeLa	 cells	 expressing	 miR-128	 exhibit	 lower	 amounts	 of	 hnRNP	 A1	 mRNA	

relative	to	the	control	sequence	(Figure	2A,	left	panel,	n=2	independent	biological	replicates,	

p=0.0642),	 supporting	 results	 from	 the	 initial	 DGCR8	 -/-	 screen.	 Conversely,	 HeLa	 cells	

expressing	anti-miR-128	exhibit	higher	 levels	of	hnRNP	A1	mRNA	relative	 to	 the	 control	

sequence	 (Figure	 2A,	 left	 panel,	 n=2	 independent	 biological	 replicates,	 p=0.1082).	 It	 is	

possible	 that	 lentiviral	 integration	 into	 the	 genome	may	be	 responsible	 for	 the	observed	

phenotype	and	negate	the	results.	To	address	this	concern,	we	transiently	transfected	miR-

128,	anti-miR-128	or	control	miR	mimic	oligonucleotides	 into	HeLa	cells	and	determined	

hnRNP	A1	mRNA	expression	48	hours	later.	Significant	de-repression	of	hnRNP	A1	mRNA	

was	 observed	 in	 cells	 transfected	 with	 anti-miR-128	 RNA	 (Figure	 2A,	 right	 panel,	 n=3	

independent	biological	replicates,	p=0.0120),	while	significant	reduction	of	hnRNP	A1	mRNA	

was	observed	in	cells	transfected	with	synthetic	miR-128	mimic	(Figure	2A,	right	panel,	n=3	

independent	biological	replicates,	p=0.0398).	Next	we	determined	that	miR-128	regulated	

the	protein	expression	level	of	hnRNP	A1	correlating	with	expression	levels	of	hnRNP	A1	

mRNA;	hnRNP	A1	levels	are	significantly	decreased	when	miR-128	in	overexpressed	while	

hnRNP	A1	 levels	 are	 signifianctly	 increased	when	miR-128	 is	neutralized	 (anti-miR-128)	

(Figure	2B).	Finally,	to	address	the	possibility	that	miR-128	targets	hnRNP	A1	in	HeLa	cells	

but	has	alternate	primary	targets	in	other	cell	types,	we	tested	a	range	of	additional	cell	lines	

and	 cell	 types	 including:	 induced	 pluripotent	 (iPS)	 cell	 line	 (RNA-iPSC1),	 colon	 cancer	
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initiating	cells	(CCIC),	breast	cancer	cell	line	(MDA-MB-231,	MDA),	non-small	cell	lung	cancer	

line	 (NCI-H23,	 H23)	 and	 a	 teratoma	 cell	 line	 (Tera-1,	 Tera).	 hnRNP	 A1	 mRNA	 was	

significantly	reduced	in	iPS,	CCIC,	MDA	and	Tera	cells	transfected	with	synthetic	miR-128	

mimic	(Figure	2C,	n=3	technical	replicates,	iPS	p=0.0152,	CCIC	p=0.0227,	MDA	p=0.0038	and	

Tera	p=0.0167).	Significant	de-repression	of	hnRNP	A1	mRNA	was	observed	 in	MDA	and	

H23	 cells	 transfected	 with	 anti-miR-128	 relative	 to	 controls	 (Figure	 2C,	 n=3	 technical	

replicates,	MDA	p=0.0089	and	H23	p=0.0002).	Together,	these	results	indicate	that	miR-128	

regulates	hnRNP	A1	expression	levels	in	multiple	cell	types.																		
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Figure	 2:	miR-128	 represses	 hnRNP	A1	whereas	miR-128	neutralization	 de-represses	 hnRNP	A1	 in	
multiple	 cell	 types.	 (A)	 Relative	 amount	 of	 hnRNP	 A1	 mRNA	 normalized	 to	 B2M	 in	 HeLa	 cells	 stably	
transduced	 with	 miR-128,	 anti-miR-128	 or	 control	 constructs	 (AB,	 left	 panel,	 n=2	 independent	 biological	
replicates,	p=ns);	or	transiently	transfected	with	miR-128,	anti-miR-128	or	control	mimics	(AB,	right	panel,	
mean	±	SEM,	 n=3	 independent	 biological	 replicates,	 *,	 p<0.05)	 (B)	 Immunoblot	 analysis	 of	 hnRNP	A1	 and	
alpha-tubulin	 protein	 levels	 in	 lysates	 from	 HeLa	 cells	 transduced	with	miR-128,	 anti-miR-128	 or	 control	
constructs	(AB,	left	panel).	Quantification	of	blots	are	shown	(right	panel)	(C)	Relative	amount	of	hnRNP	A1	
mRNA	normalized	to	B2M	in	induced	pluripotent	stem	cells	generated	using	miR/mRNA	transfections	(RNA-
iPSC)	37,	 colorectal	 cancer	 initiating	cells	 (CCIC),	breast	cancer	cells	 (MDA),	non-small	 cell	 lung	cancer	cells	
(H23)	and	teratoma	cells	(Tera)	(AB,	n=3	independent	biological	replicates,	mean	±	SEM,	*,	p<0.05,	**,	p<0.01,	
***,	p<0.001).	Credit:	A,	Lianna	Fung	and	Aurore	Bochnakian;	B,	C,	Aurore	Bochnakian.						
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miR-128	binds	directly	to	the	CDS	of	hnRNP	A1	mRNA	

	 To	 study	whether	miR-128	affects	hnRNP	A1	directly	or	 indirectly,	we	performed	

bioinformatics	analysis	using	TargetScan	61,62.	One	potential	7-mer	seed	site	for	miR-128	was	

identified	in	the	coding	DNA	sequence	(CDS)	of	hnRNP	A1	(Figure	3A).	The	CDS	sequence	of	

hnRNP	A1	 including	 the	 seed	 site	was	 cloned	 into	 a	miR-binding	 site	 luciferase	 reporter	

construct.	As	a	positive	control	to	confirm	miR-128	repressed	luciferase	levels,	we	generated	

a	reporter	construct	containing	a	perfectly	complimentary	23nt	binding	site	 for	miR-128.	

Here,	luciferase	reporter	constructs	are	transcribed	and	translated	into	Gaussia	luciferase	

that	results	in	bioluminescence	when	substrate	is	added.	However,	binding	of	transfected	

miR-128	to	transcribed	reporter	construct	(containing	the	putative	wild-type	binding	site,	

mutated	 binding	 site,	 or	 perfectly	 complimentary	 binding	 site)	 results	 in	 decreased	

translation	 and	 bioluminescence.	 Gaussia	 luciferase	 levels	 are	 normalized	 to	 secreted	

alkaline	 phosphatase	 (SEAP)	 that	 is	 transcribed	 off	 a	 separate	 promoter	 and	 serves	 as	 a	

transfection	efficiency	control.		HeLa	cells	were	co-transfected	with	the	hnRNP	A1	binding	

site-encoding	plasmid	and	either	mature	miR-128	or	miR	control	mimics.	Luciferase	activity	

was	significantly	reduced	in	cells	co-transfected	with	miR-128	and	the	plasmid	encoding	the	

hnRNP	A1	binding	site	relative	to	those	co-transfected	with	the	control	mimic	and	hnRNP	A1	

binding	site	plasmid	(Figure	3B,	left	panel,	n=3	independent	biological	replicates,	p=0.0022).	

These	results	indicate	that	miR-128	binds	to	the	seed	site	located	in	the	CDS	of	hnRNP	A1.		

	 To	further	characterize	the	specificity	of	miR-128	binding	to	the	seed	site	in	hnRNP	

A1,	a	mutated	seed	site	was	cloned	into	the	miR-binding	site	luciferase	reporter	plasmid,	we	

expected	 that	 mutation	 of	 the	 binding	 site	 would	 decrease	 the	 interaction	 between	

transiently	 transfected	miR-128	and	 the	reporter	construct,	 resulting	 in	higher	 luciferase	
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activity	(Figure	3A).	As	expected,	luciferase	activity	was	significantly	lower	in	HeLa	cells	co-

transfected	with	mature	miR-128	mimics	the	wild-type	(WT)	hnRNP	A1	seed	site	plasmid	

relative	to	controls	(Figure	3B,	right	panel,	n=3	independent	biological	replicates,	p=0.0196).	

Conversely,	when	the	mutated	(mutant)	hnRNP	A1	seed	site	plasmid	was	co-transfected	with	

miR-128	into	HeLa	cells,	the	luciferase	activity	was	not	significantly	different	than	controls,	

indicating	that	miR-128	could	no	longer	bind	to	the	seed	site	and	repress	luciferase	activity	

(Figure	3B,	right	panel,	n=3	independent	biological	replicates,	p=0.4811).		

	 To	 determine	 if	 miR-128	 targets	 and	 directly	 binds	 to	 hnRNP	 A1	mRNA	 in	 cells,	

Argonaute-RNA	immuno-purification	was	performed	in	HeLa	cells.	Briefly,	transduced	cell	

lines	 stably	 expressing	 miR-128	 or	 anti-mIR-128	 were	 lysed	 and	 Argonaute	 complexes	

relatively	enriched	with	miR-128	(miR-128)	or	depleted	of	miR-128	(anti-miR-128)	were	

isolated.	The	argonaute	complexes	were	then	checked	for	occupancy	by	hnRNP	A1	mRNA	by	

qPCR;	 if	 hnRNP	 A1	mRNA	 is	 a	 direct	 target	 of	 miR-128,	 occupancy	 should	 be	 higher	 in	

complexes	enriched	with	miR-128	relative	to	those	depleted	of	miR-128	(anti-miR-128).	As	

expected,	 the	 relative	 level	 of	 hnRNP	 A1	 mRNA	 was	 significantly	 lower	 in	 cells	 stably	

overexpressing	 miR-128	 compared	 to	 cells	 expressing	 anti-miR-128	 (Figure	 3C,	 top	 left	

panel	 “Input”,	 n=3	 independent	 biological	 replicates,	 p=0.0140).	 The	 relative	 fraction	 of	

Argonaute-bound	hnRNP	A1	mRNA	was	significantly	increased	in	cells	overexpressing	miR-

128	 relative	 to	 cells	 expressing	 anti-miR-128	 (Figure	 3C,	 top	 right	 panel	 “IP”,	 n=3	

independent	biological	replicates,	p=0.0240).	The	input	samples	of	cells	treated	where	miR-

128	was	neutralized	(anti-miR-128)	hnRNP	A1	levels	were	de-repressed	resulting	in	higher	

amounts	 of	 hnRNP	 A1.	 Since	 the	 immunopurification	 efficiency	 is	 the	 same	 between	

treatments,	 higher	 starting	 amounts	 of	 hnRNP	A1	mRNA	 transcript	may	 result	 in	 higher	
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amounts	of	hnRNP	A1	transcript	detected	in	the	IP	fraction,	thus	underestimating	the	scale	

of	the	effect.	When	correcting	for	the	higher	amount	of	hnRNP	A1	mRNA	in	anti-miR-128	

input	samples,	the	relative	fraction	of	Argonaute-bound	hnRNP	A1	mRNA	in	IP	samples	was	

even	lower	than	miR-128	samples	(Figure	3C,	top	right	panel	“corrected”,	n=3	independent	

biological	 replicates,	 p=0.0073).	 As	 a	 negative	 control,	 miR-128	 did	 not	 repress	 GAPDH	

mRNA	amounts	or	immuno-purified	GAPDH	mRNA	(Figure	3D,	n=3	independent	biological	

replicates,	input	p=0.1472,	IP	p=0.7209).	These	data	suggest	that	high	amounts	of	miR-128	

result	 in	 enrichment	 of	 hnRNP	 A1	 mRNA	 bound	 to	 Argonaute	 complexes	 by	 a	 direct	

interaction	with	the	seed	sequence	in	the	CDS	of	hnRNP	A1	mRNA.		
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Figure	3:	miR-128	represses	hnRNP	A1	by	binding	directly	to	CDS	RNA.	(A)	Schematic	of	the	predicted	
miR-128	7-mer	binding	site	in	the	coding	region	(CDS)	of	hnRNP	A1	mRNA	(top	panel).	Predicted	base	pairing	
of	miR-128	to	the	seed	sequence	of	wild-type	(WT)	hnRNP	A1	as	well	as	a	representation	of	mutations	in	the	
seed	 sequence	 (mutant)	 used	 for	 luciferase	 binding	 assays.	 (B)	 Relative	 luciferase	 activity	 in	 HeLa	 cells	
transfected	with	plasmids	expressing	a	Gaussia	 luciferase	gene	 fused	 to	 the	wild-type	 (WT)	binding	site	or	
positive	control	 sequence	corresponding	 to	 the	22	nucleotide	perfect	match	of	miR-128	and	co-transfected	
with	 control	 or	 mature	 miR-128	mimics	 were	 determined	 48	 hours	 post-transfection	 (LF,	 left	 panel,	 n=3	
independent	biological	replicates,	mean	±	SEM,	**,	p<0.01,	****,	p<0.0001).	Relative	luciferase	activity	in	HeLa	
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cells	transfected	with	plasmids	expressing	the	luciferase	gene	fused	to	the	WT	or	mutated	binding	site	(mutant)	
and	co-transfected	with	control	or	mature	miR-128	mimics	were	determined	48	hours	post-transfection	(AB,	
right	 panel,	 n=3	 independent	 biological	 replicates,	 mean	 ±	 SEM,	 *,	 p<0.05).	 (C)	 Argonaute-RNA	 immuno-
purification	in	HeLa	cell	lines	stably	transduced	with	miR-128	overexpression	or	miR-128	neutralization	(anti-
miR-128)	was	performed.	Relative	amounts	of	hnRNP	A1	RNA	normalized	to	B2M	was	determined	for	input	
samples	 (AI,	DZ,	 top	 left	 panel	 “input	 –	 hnRNP	A1”,	 n=3	 independent	 biological	 replicates,	mean	±	 SEM,	 *,	
p<0.05).	Relative	fraction	of	hnRNP	A1	transcript	amounts	associated	with			immune-purified	Ago	complexes	
is	 shown	 for	 IP	 samples,	 hnRNP	 A1	 fractions	 normalized	 to	 the	 amount	 of	 TNPO1	 in	 input	 are	 shown	 as	
“corrected”	(AI,	DZ,	 top	right	panel	“IP	–	hnRNP	A1”,	n=3	 independent	biological	replicates,	mean	±	SEM,	*,	
p<0.05,	**,	p<0.01).	(D)	Relative	amount	of	GAPDH	in	the	same	input	and	IP	samples	were	determined	as	a	
negative	control.	(AI,	DZ,	top	right	panel	“IP	–	hnRNP	A1”,	n=3	independent	biological	replicates,	mean	±	SEM).	
Credit:	A-D,	Adam	Idica	and	Dimitri	Zisoulis.													
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L1	retrotransposition	is	dependent	on	hnRNP	A1	

hnRNP	A1	is	a	known	binding	partner	of	L1	ORF1p	57	and	TNPO1	51-55	suggesting	a	possible	

role	for	hnRNP	A1	in	the	L1	retrotransposition	pathway.	We	hypothesize	that	hnRNP	A1	is	

involved	in	L1	activity	and	retrotransposition.	To	determine	if	miR-128-induced	repression	

of	hnRNP	A1	correlates	with	an	inhibition	of	L1	retrotransposition	and	genomic	integration	

we	transduced	HeLa	cells	 to	stably	express	shRNA	against	either	GFP	(Green	Fluorescent	

Protein,	 control)	 or	 hnRNP	 A1.	 We	 then	 transfected	 in	 a	 L1-encoding	 reporter	 plasmid	

known	as	pJM101	into	the	cells	9.	Briefly,	pJM101	encodes	full-length	L1	fused	to	a	reporter	

cassette	that	contains	a	selectable	marker	that	confers	neomycin-resistance	in	the	antisense	

direction.	 Furthermore,	 the	 neo	 gene	 is	 interrupted	 by	 an	 intron.	 This	 unique	 construct	

assures	 that	 Neomycin	 (G418)-resistance	 is	 only	 conferred	 when	 full-length	 L1	 is	

transcribed,	spliced,	reverse	transcribed	and	reintegrated	into	the	genome;	and	so	numbers	

of	neomycin-resistance	 foci	 are	 representative	of	de	novo	 retrotransposition	events.	Raw	

counts	of	neomycin-resistance	foci	in	HeLa	cells	stably	repressing	hnRNP	A1	(shHNRNP	A1)	

and	 transfected	with	 pJM101	were	 significantly	 lower	 than	 in	 control	 cells	 (shGFP)	 and	

transfected	with	PJM101	(Figure	4A,	n=3	technical	replicates,	mean	±	SD,	p=0.0055).	Upon	

repeating	 the	 experiment,	 colony	 counts	 were	 represented	 as	 a	 percentage	 of	 counts	 in	

shGFP	cells.	We	observed	that	the	amount	of	neomycin-resistant	foci	was	significantly	lower	

in	cells	where	stably	expressing	shRNA	against	hnRNP	A1	when	compared	to	GFP	shRNA	

controls	(Figure	4B,	n=3	independent	biological	replicates,	mean	±	SD,	p=0.0011);	consistent	

with	 lower	rates	of	de	novo	 retrotransposition.	These	results	support	 the	conclusion	 that	

hnRNP	A1	is	a	functional	target	of	miR-128	involved	in	L1	retrotransposition.						
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Figure	4:	hnRNP	A1	knockdown	reduces	de	novo	L1	retrotransposition.	(A)	Representative	example	of	
raw	neomycin-resistant	foci	counts	from	colony	formation	assay	in	HeLa	cells	stably	transduced	with	plasmids	
encoding	shRNA	against	GFP	(control)	or	hnRNP	A1	and	transfected	with	L1	expression	construct.	 (AI,	n=3	
technical	replicates,	mean	±	SD,	**,	p<0.01).	(B)	De	novo	retrotransposition	was	determined	by	the	change	in	
colony	 count	 of	 neomycin-resistant	 foci	 of	 HeLa	 cells	 stably	 transduced	 with	 constructs	 encoding	 shRNA	
against	GFP	or	hnRNP	A1	and	co-transfected	with	L1	(AI,	n=3	independent	biological	replicates,	mean	±	SEM,	
**,	p<0.01).	Credit:	A,	B,	Adam	Idica.													
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DISCUSSION	

	 Interactions	between	hnRNP	A1	and	TNPO1,	as	well	as	hnRPA1	and	L1	ORF1p	have	

been	 published	 and	 well-	 characterized	 48-57,	 however	 the	 impact	 of	 hnRNP	 A1	 on	 L1	

retrotransposition	 remained	 undetermined.	 Our	 results	 demonstrate	 that	 miR-128	

functions	to	repress	hnRNP	A1	as	one	of	the	cellular	co-factors	in	the	L1	retrotransposition	

pathway	and	complement	our	earlier	work	describing	miR-128-induced	direct	repression	of	

L1	 retrotransposons	 37	 and	miR-128-induced	 repression	of	 a	nuclear	 import	 factor	of	L1	

known	 as	 TNPO1	 (Chapter	 3).	 These	 findings	 agree	with	 the	 concept	 that	miRs	 repress	

multiple	cellular	targets	in	unison	to	regulate	cellular	pathways	38-41.	

	 We	provide	evidence	first,	that	miR-128	represses	hnRNP	A1	amounts,	and	second,	

that	 lower	amounts	of	hnRNP	A1	are	associated	with	fewer	de	novo	L1	retrotranspositon	

events.	We	need	to	further	evaluate	direct	versus	indirect	effect	of	miR-128	and	each	of	the	

cellular	co-factors	 involved	 in	L1	retrotransposition	and	so	 further	experiments	 in	which	

miR-128	 is	 overexpressed	 in	HeLa	 cells	 (reducing	 amounts	 of	miR-128	 targets	 including	

hnRNP	A1	and	TNPO1),	and	then	re-expression	of	hnRNP	A1,	TNPO1	or	hnRNP	A1/TNPO1	

are	 necessary	 to	 determine	 the	 exact	 contribution	 of	 each	 cellular	 cofactor	 to	 L1	

retrotransposition.	 Importantly,	 the	 re-expression	 of	 hnRNP	 A1	 and/or	 TNPO1	 should	

include	mutated	miR-128	binding	sites	to	exclude	the	possibility	that	observed	effects	on	L1	

retrotransposition	are	due	to	a	“sponge”	effect	–	where	miR-128	is	the	limiting	factor	-	rather	

than	specific	activity.	We	show	that	the	repression	of	single	cellular	cofactors	such	as	TNPO1	

(Chapter3)	or	hnRNP	A1	are	able	 to	significantly	decrease	rates	of	L1	retrotransposition,	

however	further	studies	investigating	the	relative	contribution	of	each	co-factor	and	direct	

targeting	of	L1	RNA	to	the	repression	of	L1	retrotransposition	remains	to	be	determined.	
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Based	on	our	earlier	studies	and	evidence	shown	here	(37	and	Chapter	3)	we	expect	that	miR-

128	 represses	 multiple	 cellular	 cofactors	 and	 modulates	 multiple	 cellular	 processes	 to	

restrict	L1	retrotransposon.	

	 We	show	that	repression	of	hnRNP	A1	by	miR-128	is	significant	on	both	mRNA	and	

protein	levels,	and	this	effect	is	observed	in	many	cell	types.	Furthermore,	this	repression	is	

due	 to	 the	direct	binding	of	miR-128	 to	a	seed	sequence	 in	 the	CDS	of	hnRNP	A1	mRNA.	

Interestingly,	 hnRNP	A1	 is	 involved	with	many	 processes	 necessary	 for	 cellular	 function	

including	proliferation	63,	mRNA	splicing	64,	and	telomerase	activity	65.		Furthermore,	hnRNP	

A1	 and	 mutations	 in	 hnRNP	 A1	 are	 associated	 with	 many	 human	 diseases	 including	

amyotrophic	lateral	sclerosis	20	66,	lung	adenocarcinoma	67	and	HIV-1	68,69.	Although	miR-

128	is	highly	enriched	in	the	brain	70,71,	 it	 is	tempting	to	postulate	that	miR-128	may	also	

have	a	role	in	a	wide	range	of	normal	cellular	processes	as	well	as	disease	through	repression	

of	hnRNP	A1.	

	 In	 summary,	 we	 have	 identified	 hnRNP	 A1	 as	 a	 novel	 miR-128	 target.	 We	 have	

demonstrated	 that	miR-128	represses	hnRNP	A1	protein	and	mRNA	amounts	by	a	direct	

binding	mechanism.	Finally,	colony	formation	assays	demonstrate	that	hnRNP	A1	repression	

leads	to	lower	rates	of	de	novo	L1	retrotransposition	and	integration.	These	data	suggest	that	

miR-128	represses	L1	retrotransposition	and	genomic	integration	in	somatic	cells	by	direct	

targeting	of	L1	RNA	mechanisms	37	as	well	as	indirectly	through	the	repression	of	cellular	

co-factors	TNPO1	(Chapter	3)	and	hnRNP	A1.							
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Chapter	5	
	

miR-128	inhibits	HIV	replication	by	targeting	TNPO3	
	

	

ABSTRACT	

	 The	 HIV/AIDS	 pandemic	 remains	 an	 important	 threat	 to	 human	 health.	We	 have	

recently	 demonstrated	 that	 a	microRNA,	miR-128,	 	 represses	 L1	 retrotransposons	 	 by	 a	

dual	mechanism;	by	directly	targeting	the	coding	region	of	the	L1	RNA	and	by	repressing	a	

required	nuclear	import	factor,	TNPO1.	We	have	further	determined	that	miR-128	directly	

bind	 and	 repress	 the	 expression	 of	 all	 three	 isoforms	 of	 transportin	 family	 of	 proteins	

(TNPO1,	TNPO2	and	TNPO3).	Here	we	establish	that	miR-128	also	controls	HIV	replication	

by	 repressing	 TNPO3.	 TNPO3	 is	 a	 well-established	 co-factor	 required	 for	 HIV	 nuclear	

import	and	viral	replication.	We	find	that	miR-128	directly	targets	two	sites	in	the	TNPO3	

mRNA,	 down-regulating	 TNPO3	 mRNA	 and	 protein	 expression	 levels.	 Overexpession	 or	

neutralization	of	miR-128	levels	in	cell	lines	(HeLa,	Jurkat	and	THP-1	cells)	and	in	primary	

human	CD4	T-cells	showed	that	modulation	of	TNPO3	by	miR-128	affects	HIV	replication	of	

a	 single	 cycle	 HIV	 reporter	 virus.	 In	 addition,	 challenging	 cells	 with	 the	 N74D	 mutant	

(TNPO3-independent)	 single	 cycle	 HIV	 reporter,	 demonstrates	 that	 miR-128-indued	

TNPO3	 repression	 is	 partly	 required	 for	 miR-128-induced	 inhibition	 of	 HIV	 replication.	

Thus,	 we	 have	 demonstrated	 that	 miR-128	 functions	 as	 a	 novel	 anti-viral	 defense	

mechanism	in	human	cells,	inhibiting	HIV-1	replication	partly	by	targeting	TNPO3.		
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INTRODUCTION	

	 Human	 immunodeficiency	 virus	 (HIV)	 infection:	 The	 HIV/AIDS	 pandemic	

remains	 an	 important	 threat	 to	 human	 health.	 To	 date	more	 than	 34	million	 people	 are	

infected	 with	 the	 HIV.	 Unique	 characteristics	 make	 HIV	 a	 pathogen	 that	 is	 difficult	 to	

eradicate.	 HIV	 uses	 and	 durably	 fools	 the	 immune	 system,	 replicating	 in	 and	 destroying	

immune	cells	during	active	replication.	To	develop	novel	and	widely	applicable	strategies,	a	

thorough	understanding	of	the	cellular	determinants	of	HIV	replication	and	viral	latency	is	

crucial.	Research	on	the	molecular	mechanisms	of	HIV	replication	and	latency	indicate	that	

various	 host	 mechanisms,	 including	 epigenetic	 changes	 and	 transcriptional	 and	 post-

translational	regulation	contribute	 to	 long-term	reservoir	persistence.	This	 implies	 that	a	

combination	 of	 drugs	 targeting	multiple	 cellular	 pathways	will	 be	 required	 to	 treat	 HIV	

efficiently	 1-4.	 Consequently,	 a	 comprehensive	 understanding	 of	 the	 diverse	 molecular	

mechanisms	involved	in	successful	HIV	infection,	replication	and	latency,	is	crucial	to	find	

an	 effective	 strategy	 to	 cure	 HIV.	 Due	 to	 its	 limited	 genome	 (10	 kb)	 HIV	 has	 to	 rely	 on	

cellular	 co-factors	 to	 progress	 through	 its	 lifecycle.	 Host	 factors	 are	 not	 only	 needed	 for	

productive	 HIV	 replication	 but	 also	 for	 latency	 establishment	 and	 reactivation	 whereas	

restriction	factors	protect	the	cells	against	infection	and	provide	innate	immunity	5-11.		

	 miRs	 and	 their	 role	 as	 viral	 restriction	 factors:	 microRNA	 (miRNA	 or	 miR)	

biogenesis	begins	 in	 the	nucleus	with	 transcription,	 to	 create	 the	 long	primary	miR	 (pri-

miR)	including	a	hairpin	that	contains	the	mature	sequence.	The	hairpin	is	excised	by	the	

microprocessor	 that	 includes	 Drosha,	 an	 RNase	 III	 enzyme,	 and	 its	 cofactor	 DGCR8,	

producing	the	60–70	nucleotide	precursor	miRs	(pre-mRNA).	The	pre-miR	is	exported	out	

of	the	nucleus	by	Exportin-5	where	another	RNase	III	enzyme,	Dicer,	processes	the	pre-miR	
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into	 the	21–24	nucleotide	duplex	miR.	The	strand	destined	 to	be	 the	mature	sequence	 is	

then	 loaded	 onto	Argonaute	 (Ago),	 forming	 the	miR-induced	 silencing	 complex	 (miRISC)	

along	with	 other	 proteins	 12,13.	Using	 imperfect	 base	pairing,	miRs	 guide	RISC	 to	 specific	

mRNAs	 to	 down-regulate	 their	 expression	 by	 triggering	 mRNA	 destabilization	 or	

translational	 repression	 14,15.	 miR-target	 recognition	 is	 often	 dependent	 on	 short,	 six	

nucleotide	seed	sites,	which	perfectly	complement	the	5’	of	the	miR	(position	2-7)	16.	Both	

miRs	and	the	mRNA	binding	sites	are	highly	conserved	16,17.	miRs	exemplify	the	emerging	

view	 that	non-coding	RNAs	may	equal	proteins	 in	 regulatory	 importance.	 60-80%	of	 the	

human	 transcriptome	 is	 predicted	 to	 be	 under	 miR	 regulation,	 positioning	 this	 post-

transcriptional	control	pathway	within	every	major	genetic	cascade	18.	miRs	can	regulate	

and	 coordinate	 development,	 modulate	 self-renewal,	 differentiation	 and	 self-fate	

establishment	 9-21.	 In	 addition,	 the	 Benkirane	 laboratory	 performed	 Dicer	 and	 Drosha	

knock-out	 experiments	 demonstrating	 that	miR	 pathways	 repress	 HIV-1	 replication	 and	

contribute	to	the	maintenance	of	latency	22.	Furthermore,	profiling	studies	show	that	miRs	

in	 general	 are	 down-regulated	 upon	 T-cell	 activation,	 suggesting	 increased	 target	 de-

repression	during	optimal	HIV-infection	23-25.	Also,	miRs	have	been	described	to	function	in	

complex	ways	in	the	intersection	between	host	and	pathogen,	for	example	as	an	anti-viral	

defense	mechanism	and/or	as	a	facilitator	of	latency	26,27.	Indeed,	several	miRs	that	directly	

target	 the	 viral	 RNA	 genome	 or	 repress	 virus-dependent	 cellular	 co-factors	 have	 been	

identified	 and	 include	miR-29,	 -150,-	 28,	 -125b,	 -223	and	 -382	 28.	The	 complex	 interplay	

between	miRs	and	their	mRNA	targets	during	HIV	infection,	replication	and	latency	needs	

further	investigation.		
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	 The	transportin	(TNPO)	 family	of	proteins	 includes	TNPO1,	 -2	and	-3,	and	they	all	

harbor	predicted	miR-128	binding	sites.	This	is	noteworthy,	as	TNPO3	has	been	identified	

as	a	cellular	 factor	 involved	 in	HIV-1	replication	29-31.	TNPO3	facilitates	nuclear	 import	of	

the	HIV-1	pre-integration	complex	(PIC)	and	viral	replication	by	sequestering	a	restriction	

factor	 of	 HIV-1,	 known	 as	 cellular	 factor	 cleavage	 and	 polyadenylation	 specificity	 factor	

subunit	6	(CPSF6)	32,33,34-37.	 If	miR-128	represses	expression	of	TNPO3,	we	would	predict	

that	it	would	derepress	CPSF6,	resulting	in	decreased	HIV	replication.	Here	we	report	that	

miR-128	 and	 anti-miR-128	 regulates	 TNPO3	mRNA	 and	 protein	 expression	 levels	 in	 cell	

lines	 (HeLa,	 Jurkat	 and	 THP-1	 cells)	 and	 in	 primary	 CD4	 T-cells,	 by	 directly	 targeting	

TNPO3	 mRNA.	 Infection	 studies	 using	 wild-type	 HIV-1	 reporter	 virus	 demonstrate	 that	

miR-128	significantly	represses	HIV-1	replication.	Conversely,	HIV-1	reporter	virus	with	a	

N74D	 in	 the	 capsid-coding	 region	 (CA),	 unable	 to	 interact	 with	 CPSF6,	 shows	 a	

derepression,	 indicating	 that	 miR-128-induced	 HIV-1	 repression	 is	 partly	 dependent	 on	

TNPO3.	Hence,	miR-128-induced	TNPO3	repression	leads	to	a	scenario	in	which	the	virus	

cannot	pass	through	the	nuclear	pore	and	the	life	cycle	HIV-1	is	inhibited.	

	

RESULTS	

miR-128	regulates	TNPO3	expression	levels.	

	 Our	 previous	 work	 established	 that	 interferon-induced	 miRs	 can	 repress	 viral	

replication	of	Hepatitis	C	Virus	 (HCV)	 26.	As	 the	 life	 cycle	of	 long-interspaced-elements-1	

(L1)	mimics	 that	 of	 a	 virus,	 we	 next	 asked	 the	 question	whether	miRs	 also	 regulate	 L1	

activity.	L1	retrotransponsons	and	related	SINE	elements	make	up	approximately	35%	of	

the	 human	 genome,	 with	 some	 L1	 elements	 still	 being	 active,	 despite	 multiple	 cellular	
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restriction	mechanisms	38-40.	We	recently	performed	an	anti-miR	lentiviral	library	screen	to	

identify	 miRs	 involved	 in	 the	 regulation	 of	 de	 novo	 L1	 retrotransposition.	 miR-128	 was	

identified	as	a	negative	regulator	of	L1	and	further	characterization	led	to	the	discovery	of	

a	novel	principle	by	which	miR-128	represses	de	novo	retrotransposition	of	L1	elements	in	

somatic	 cells,	 including	 cancer	 cells,	 cancer	 stem	 cells	 and	 iPSCs,	 by	 directly	 binding	 L1	

RNA	 and	 targeting	 it	 for	 degradation	 41.	 This	 finding	 was	 surprising	 as	 the	 most	 well	

understood	mechanism	by	which	miRs	function	relies	on	the	binding	and	regulation	by	one	

miR	 to	multiple	 cellular	 mRNAs,	 whose	 protein	 products	 typically	 function	 in	 a	 specific	

pathway	 within	 the	 cell.	 We	 therefore	 explored	 if	 miR-128	 might	 also	 regulate	 cellular	

proteins	involved	in	L1	retrotransposition.	We	used	bioinformatics	analysis	in	combination	

with	 miR-128	 RNA	 immune-purification	 (RIP)	 RNA	 Smart	 sequencing	 approaches	 and	

identified	 the	mRNA	for	a	nuclear	 import	 factor	(TNPO1)	as	a	 target	of	miR-128	binding.	

Our	recent	reported	results	demonstrated	that	TNPO1	is	indeed	a	functional	target	for	miR-

128,	by	directly	targeting	TNPO1	for	degradation,	which	results	in	L1	ORF1p	being	trapped	

in	 the	 cytoplasm	 (as	 measured	 by	 ORF1p	 localization)	 and	 L1	 retrotransposition	 and	

repression	of	genomic	 integration.	Thus	miR-128	represses	L1	retrotransposition	by	 two	

independent	mechanisms:	1)	repression	of	a	key	co-factor	required	by	L1	(TNPO1),	and	2)	

directly	binding	L1	RNA	41.	

	 The	transportin	(TNPO)	 family	of	proteins	 includes	TNPO1,	 -2	and	-3,	and	they	all	

contain	 predicted	 miR-128	 binding	 sites.	 This	 is	 noteworthy,	 as	 TNPO3	 is	 required	 for	

successful	nuclear	import	of	the	HIV-1	pre-integration	complex	(PIC)	and	viral	replication	

29,30,33-36,42.	If	miR-128	represses	expression	of	TNPOs,	including	TNPO3,	we	would	predict	
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that	 it	would	repress	HIV	replication.	We	 initiated	analysis	 to	determine	 the	role	of	miR-

128	in	the	regulation	of	TNPO3	in	different	cell	lines	and	primary	HIV-1	target	cells.	

	 First	 we	 generated	 stably-transduced	 miR-modulated	 cells	 lines	 (miR-128,	 anti-

miR-128	and	control	miRs)	of	HeLa	cells.	Next,	we	determined	that	miR-128	significantly	

reduces	 TNPO3	mRNA	 expression	 levels,	 and	 in	 contrast	 that	miR-128	 neutralization	 by	

anti-miR-128	 enhanced	TNPO3	mRNA	expression	 levels,	 relative	 to	miR	 controls	 (Figure	

1A,	n=4	 independent	biological	 replicates,	mean	±	SEM,	miR-128	p=0.0002,	anti-miR-128	

p=0.0024).	 To	 rule	 out	 the	 possibility	 that	 miR-128	 overexpression	 using	 a	 lentiviral	

delivery	 strategy	 may	 lead	 to	 secondary	 effects	 that	 could	 negate	 the	 results,	 we	 next	

transiently	transfected	miR-128,	anti-miR-128	or	control	miR	mimic	oligonucleotides	into	

HeLa	cells	and	determined	TNPO3	mRNA	expression	48	hours	later.	Significantly	enhanced	

expression	 levels	 of	 TNPO3	mRNA	was	 observed	 in	 cells	 transfected	 with	 anti-miR-128	

oligonucleotide	 (Figure	 1B,	 n=3	 independent	 biological	 replicates,	 p=0.0298),	 while	

significant	 reduction	 of	 TNPO3	 mRNA	 was	 observed	 in	 HeLa	 cells	 transfected	 with	 the	

synthetic	miR-128	mimic	(Figure	1B,	n=3	 independent	biological	replicates,	mean	±	SEM,		

p=0.0247).	 To	 exclude	 the	 possibility	 that	 the	 observed	 miR-128	 effect	 was	 cell	 type-

specific	(limited	to	HeLa	cells),	we	next	generated	stable	miR-modulated	Jurkat	and	THP-1	

cell	 lines	 and	 determined	 that	 miR-128	 significantly	 repress	 TNPO3	 mRNA	 expression	

levels,	 in	THP-1	cells	(Figure	1C,	left	panel,	n=3	independent	biological	replicates,	mean	±	

SEM,	 Jurkat	 p=0.1254,	 THP-1	p=0.0051),	 in	 contrast	 to	 anti-miR-128	which	 substantially	

enhanced	 TNPO3	 mRNA	 expression	 levels	 in	 Jurkat	 and	 THP-1	 cells,	 relative	 to	 miR	

controls	(Figure	1C,	right	panel,	n=3	independent	biological	replicates,	mean	±	SEM,	Jurkat	

p=0.0907,	THP-1	p=0.0534).	Next,	we	wished	to	evaluate	the	effect	of	miR-128	on	TNPO3	
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expression	 in	HIV-1	targets	cells	 (CD4	T-cells).	We	obtained	PBMCs	 from	healthy	donors,	

and	 isolated	 CD4-positve	 T-cells	 by	 Ficoll	 and	 negative	 MACS	 separation.	 Cells	 were	

transiently	 transfected	 with	 miR	 mimic	 oligonucleotides	 (as	 described	 above	 for	 HeLa	

cells),	RNA	was	 isolated	after	48hrs	and	TNPO3	mRNA	expression	 levels	was	determined	

by	qPCR	analysis.	miR-128	significantly	decreased	the	expression	 levels	of	TNPO3	mRNA	

relative	 to	 miR	 control	 (Figure	 1D,	 left	 panel,	 n=3	 technical	 replicates,	 mean	 ±	 SD	

p=0.0177).	 In	 contrast,	 anti-miR-128	 significantly	 enhanced	 TNPO3	 mRNA	 expression	

levels	(Figure	1D,	right	panel,	n=3	technical	replicates,	mean	±	SD,	p=0.0099).		Finally,	we	

determined	that	miR-128	regulated	the	protein	expression	level	of	TNPO3	correlating	with	

expression	 levels	 of	 TNPO3	 mRNA	 both	 for	 HeLa	 cells	 (Figure	 1E,	 left	 panels.	

Quantification,	lower	panels,	n=3	technical	replicates,	mean	±	SD,	miR-128	p=0.0174,	anti-

miR-128,	 p=0.0087)	 and	 for	 human	 CD4	 T-cells.	 (Figure	 1E,	 right	 panels.	 Quantification,	

lower	 panels	 n=3	 technical	 replicates,	 mean	 ±	 SD,	 miR-128	 p=0.0123,	 anti-miR-128	

p=0.0364).	These	combined	results	demonstrate	that	miR-128	regulates	TNPO3	expression	

levels	in	multiple	cell	types,	including	primary	HIV-1	target	cells,	CD4	positive	T-cells.		
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Figure	1:	Identification	and	verification	of	TNPO3	as	a	cellular	target	of	miR-128.	(A)	Relative	amount	
of	TNPO3	mRNA	to	B2M	in	HeLa	cells	stably	transduced	with	control	miR,	anti-miR-128	or	miR-128	(AB,	n=4	
independent	 biological	 replicates,	 mean	 ±	 SEM,	 **,	 p<0.01,	 ***,	 p<0.001).	 (B)	 Relative	 amount	 of	 TNPO3	
mRNA	to	B2M	in	HeLa	cells	transiently	transfected	with	miR-128,	anti-miR-128	or	control	mimics	(AB,	n=3	
independent	biological	replicates,	*,	p<0.05).	(C)	Relative	amount	of	TNPO3	mRNA	to	B2M	in	Jurkat	or	THP-1		
cells	 transiently	 transfected	with	miR-128,	anti-miR-128	or	control	mimics	(AI,	 left	panel,	n=3	 independent	
biological	replicates,	mean	±	SEM,	**,	p<0.01);	or	stably	transduced	with	control	miR,	anti-miR-128	or	miR-
128	(right	panel,	n=3	independent	biological	replicates,	mean	±	SEM).	(D)	Relative	amount	of	TNPO3	mRNA	
to	B2M	in	CD4+	T	cells	transiently	transfected	with	miR-128	(AI,	left	panel,	n=3	technical	replicates,	mean	±	
SD,	 *,	 p<0.05)	 or	 anti-miR-128	 (AI,	 right	 panel,	 n=3	 technical	 replicates,	 mean	 ±	 SD,	 **,	 p<0.01).	 (E)	
Immunoblot	 analysis	 of	 TNPO3	 and	 alpha-tubulin	 protein	 levels	 in	 lysates	 from	HeLa	 cells	 (AB.	 left	 panel,	
quantification	below,	n=3	 technical	 replicates,	mean	±	SD,	*,	p<0.05,	**	p<0.01)	and	CD4+	T	cells	 (AB,	right	
panel,	quantification	below,	n=3	technical	replicates,	mean	±	SD,	*,	p<0.05).	Credit:	A,B,E,	Aurore	Bochnakian;	
C,	Adam	Idica	and	Aurore	Bochnakian;	D,	Adam	Idica	
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miR-128	directly	interacts	with	TNPO3	mRNA.	

	 Next	 we	 wished	 to	 explore	 the	 mechanism	 by	 which	 miR-128	 regulates	 TNPO3	

expression	 levels.	 By	 performing	 bioinformatics	 analysis	 (TargetScan,	 43-48	 we	 identified	

two	predicted	miR-128	binding	sites	 in	TNPO3	mRNA,	one	7-mer	seed	site	 in	 the	coding	

region	sequence	of	TNPO3	mRNA	(Site	#1)	and	a	second	7-mer	seed	site	 in	 the	3’UTR	of	

TNPO3	mRNA	(Site	#2)	(Figure	2A).		

	 The	TNPO3	CDS	and	3’UTR	including	the	two	potential	miR-128	binding	sites	were	

cloned	into	two	different	luciferase-based	miR-binding	site	reporter	constructs.	In	addition,	

a	 perfect	 23	 nt	miR-128	 sequence	 (positive	 control)	 luciferase	 construct	was	 generated.	

HeLa	 cells	 were	 transfected	 with	 one	 of	 the	 TNPO3	 binding	 site-encoding	 plasmids	 in	

addition	 to	mature	miR-128	 or	miR	 control	mimics.	 Luciferase	 activity	was	 significantly	

reduced	in	cells	transfected	with	miR-128	and	encoding	binding	Site	#1	(Figure	2B	left,	n=3	

independent	 biological	 replicates,	 mean	 ±	 SEM,	 CDS	 p=0.0177)	 and	 Site	 #2	 (Figure	 2B,	

middle,	n=3	independent	biological	replicates,	mean	±	SEM,	3’UTR		p=0.0058).	As	a	positive	

control	construct,	a	23nt	with	perfect	complimentarity	was	generated	as	well	(Figure	2B,	

right,	n=3	independent	biological	replicates,	mean	±	SEM,	3’UTR		p<0.0001).	These	results	

indicate	that	miR-128	targets	TNPO3	mRNA	by	interacting	with	both	predicted	sites.		

	 Next,	 mutations	 were	 introduced	 into	 the	 putative	 miR-128	 binding	 sites	 in	 the	

TNPO3	mRNA	 encoding	 Site	 #1	 in	 the	 CDS	 and	 in	 Site	 #2	 in	 the	 3’UTR	 (Figure	 2A),	 to	

determine	 if	 these	 specific	miR	 seed	 sequences	 are	 responsible	 for	 the	 interactions	with	

miR-128.	 Luciferase	 activity	 was	 again	 significantly	 lower	 than	 controls	 in	 HeLa	 cells	

transfected	with	the	wild-type	(WT)	TNPO3	Site	#1	and	Site	#2	plasmids	and	mature	miR-

128	supporting	the	conclusion	that	miR-128	can	bind	to	the	WT	TNPO3	CDS	as	well	as	to	
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3’UTR	 sequence	 and	 prevent	 the	 translation	 of	 luciferase	 (Figure	 2C,	 n=3	 independent	

biological	replicates,	mean	±	SEM,	CDS	p=0.0295,	3’UTR	p=0.0030).	In	contrast,	HeLa	cells	

transfected	with	either	the	CDS	or	the	3’UTR	TNPO3	mutant	binding	sites	and	mature	miR-

128	or	control	miRs	exhibited	luciferase	activity	at	partially	de-repressed	levels;	consistent	

with	the	conclusion	that	miR-128	is	no	 longer	able	to	efficiently	to	repress	reporter	gene	

expression	(Figure	2C,	n=3	independent	biological	replicates,	mean	±	SEM,	CDS	p=0.0008,	

3’UTR	p=0.0398).		

	 Furthermore,	Argonaute	(Ago)	complexes	containing	miRs	and	target	mRNAs	were	

isolated	 by	 immuno-purification	 and	 assessed	 for	 relative	 complex	 occupancy	 by	 the	

TNPO3	 mRNA	 to	 determine	 if	 miR-128	 directly	 targets	 TNPO3	 mRNA	 in	 Tera-1	 cells	

(Figure	2D),	as	previously	described41.	The	relative	level	of	TNPO3	mRNA	was	significantly	

lower	 in	 cells	 stably	 overexpressing	 miR-128	 when	 compared	 to	 those	 expressing	 anti-

miR-128	constructs,	as	expected	(Figure	2E,	left	panel	“input”,	n=3	independent	biological	

replicates,	 mean	 ±	 SEM,	 p=0.0019).	 When	 correcting	 for	 the	 lower	 expression	 level	 of	

TNPO3	mRNA,	 (because	 of	 lower	miR-128	 expression	 levels),	 which	may	 underestimate	

the	 scale	 of	 the	 effect,	 the	 relative	 fraction	 of	 Ago-bound	 TNPO3	 mRNA	 significantly	

decreased	when	miR-128	was	 neutralized	 (Figure	 2E,	 right	 panel	 “IP”,	 n=3	 independent	

biological	replicates,	mean	±	SEM,	p<0.0001).	In	contrast,	miR-128	did	not	repress	GAPDH	

mRNA	expression	levels	or	immuno-purified	GAPDH	mRNA,	as	expected	(Figure	2F,	”,	n=3	

independent	biological	replicates,	mean	±	SEM,	input	p=0.7941,	IP	p=0.3990).	We	interpret	

this	to	mean	that	high	levels	of	miR-128	lead	to	higher	levels	of	TNPO3	mRNA	being	bound	

and	 regulated	 directly	 by	 miR-128.	 These	 data	 support	 the	 conclusion	 that	 miR-128	



	 138	

represses	TNPO3	expression	via	a	direct	interaction	with	the	target	sites	located	in	the	CDS	

and	3’UTR	of	the	TNPO3	mRNA.						

	

Figure	2:	miR-128	represses	TNPO3	by	binding	directly	to	two	sites	in	TNPO3	mRNA.	(A)	Schematic	of	
the	 predicted	 miR-128	 binding	 sites	 in	 the	 coding	 region	 (CDS)	 or	 3’UTR	 of	 TNPO3	 mRNA	 (top	 panel).	
Predicted	base	pairing	of	miR-128	 to	 the	seed	sequence	of	wild-type	TNPO3	as	well	as	a	 representation	of	
mutations	 in	 the	 seed	sequence	 (mutant)	 for	both	CDS	and	3’UTR	binding	 sites	used	 for	 luciferase	binding	
assays.	(B)	Relative	luciferase	activity	in	HeLa	cells	transfected	with	plasmids	expressing	a	Gaussia	luciferase	
gene	 fused	 to	 the	wild-type	 (WT)	 binding	 site	 in	 the	 CDS	 (AB,	 left,	 n=3	 independent	 biological	 replicates,	
mean	±	SEM,	*,	p<0.05),	3’UTR	(AB,	middle,	n=3	independent	biological	replicates,	mean	±	SEM,	**,	p<0.01)	or	
positive	 control	 sequence	 corresponding	 to	 the	 22	 nucleotide	 perfect	 match	 of	 miR-128	 (AB,	 right,	 n=3	
independent	 biological	 replicates,	mean	±	 SEM,	p<0.0001)	 and	 co-transfected	with	 control	 or	mature	miR-
128	 mimics	 were	 determined	 48	 hours	 post-transfection	 (C)	 Relative	 luciferase	 activity	 in	 HeLa	 cells	
transfected	with	plasmids	expressing	a	Gaussia	 luciferase	gene	 fused	 to	 the	mutant	binding	site	 in	 the	CDS	
(AB,	left,	n=3	independent	biological	replicates,	mean	±	SEM,	*,	p<0.05,	***,	p<0.001),	3’UTR	(AB,	middle,	n=3	
independent	 biological	 replicates,	 mean	 ±	 SEM,	 WT	 *,	 p<0.05,	 **,	 p<0.01)	 or	 positive	 control	 sequence	
corresponding	 to	 the	 22	 nucleotide	 perfect	 match	 of	 miR-128	 (AB,	 right,	 n=3	 independent	 biological	
replicates,	 mean	 ±	 SEM,	 p<0.0001)	 and	 co-transfected	 with	 control	 or	 mature	 miR-128	 mimics	 were	
determined	 48	 hours	 post-transfection.	 (D)	 Schematic	 representation	 of	 the	 Argonaute-RNA	 immuno-
purification	 strategy	 of	 miR-128-TNPO3	 mRNA	 complexes	 (miRISC).	 (E)	 Argonaute-RNA	 immuno-
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purification	 in	Tera-1	 cell	 lines	 stably	 transduced	with	miR-128	 overexpression	 or	miR-128	neutralization	
(anti-miR-128)	 was	 performed.	 Relative	 amounts	 of	 TNPO3	 RNA	 normalized	 to	 B2M	 was	 determined	 for	
input	samples	(AI,	DZ,	 left,	 “TNPO3,	 input”,	n=3	 independent	biological	replicates,	mean	±	SEM,	**,	p<0.01).	
Relative	fraction	of	TNPO3	transcript	amounts	associated	with	immune-purified	Ago	complexes	normalized	
to	 the	 amount	 of	 TNPO3	 in	 input	 is	 shown	 for	 IP	 samples	 (AI,	 DZ,	middle,	 “TNPO3,	 IP”,	 n=3	 independent	
biological	 replicates,	 mean	 ±	 SEM,	 ****,	 p<0.0001).	 Relative	 amount	 of	 GAPDH	 in	 the	 same	 input	 and	 IP	
samples	were	determined	as	a	negative	control.	(AI,	DZ,	top	right	panel	“GAPDH,	input”,	bottom	right	panel	
“GAPDH,	 IP,	 n=3	 independent	 biological	 replicates,	 mean	 ±	 SEM).	 Credit:	 A,	 Adam	 Idica	 and	 Aurore	
Bochnakian;	B,C,	Aurore	Bochnakian;	D,E,	Adam	Idica	and	Dimitri	Zisoulis.												
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miR-128	represses	HIV-1	replication		

	 In	 order	 to	 study	 if	 miR-128	 functions	 as	 a	 novel	 anti-viral	 mediator	 during	 HIV	

infection	in	human	cells,	we	employed	a	single-cycle	luciferase	HIV-1	reporter	virus	(pNL4-

3.Luc.R+.E-)	 pseudotyped	 with	 VSV-G	 (abbreviated	 HIV	 reporter).	 This	 reporter	 virus	

contains	all	the	viral	genes	including	Pol	and	Env	in	addition	to	RFP.	However,	the	Env	gene	

includes	 a	 frame-shift	mutation	 ensuring	 that	 no	 functional	 Env	 protein	 is	 translated.	 In	

addition,	 the	Nef	 gene	 has	 been	 replaced	 by	 luciferase	 (Luc)	 36.	In	 brief,	 stable	miR-128-

modulated	 HeLa,	 Jurkat	 and	 THP-1	 cells	 were	 generated	 and	 spinfected	 with	 the	 HIV-1	

reporter	 virus	 pseudotyped	 with	 VSV-G	 Env,	 and	 luciferase	 was	 measured	 48	 hrs	 after	

infection	 as	 a	 measure	 of	 HIV-1	 replication.	 We	 first	 performed	 HIV-1	 infection	 studies	

using	 the	 reporter	 virus	 using	 stable	 miR	 modulated	 HeLa	 cells.	 miR-128	 significantly	

repressed	 HIV-1	 replication,	 and	 anti-miR-128	 significantly	 enhanced	 HIV-1	 replication,	

relative	 to	miR	 controls	 (Figure	 3A,	 n=3	 independent	 biological	 replicates,	mean	±	 SEM,	

miR-128	 p=0.0042,	 anti-miR-128	 p=0.0348).	 Next,	 we	 tested	 transient	 miR	 modulated	

HeLa	 cells	 using	miR/anti-miR	mimic	 oligonucleotides.	We	 observed	 that	miR-128	 again	

significantly,	though	less	potently	inhibited	replication	of	the	HIV-1	reporter	virus,	relative	

to	control	(Figure	3B,	left,	n=3	independent	biological	replicates,	mean	±	SEM,		p=0.0303).	

In	 contrast,	 transient	 miR-128	 neutralization,	 using	 anti-miR	 mimic	 oligonucleotides	

significantly	 enhanced	 HIV-1	 replication	 (Figure	 3B,	 right,	 n=3	 independent	 biological	

replicates,	mean	±	SEM,		p=0.0404).	It	is	not	too	surprising	that	the	effect	by	transient	miR	

modulation	is	less	significant,	compared	to	stable	miR	lines,	as	transient	miR	transfections	

only	affect	a	portion	of	 the	 transfected	cells.	Equal	 infection	rates	between	samples	were	

verified	in	all	experiments	by	quantification	of	RFP	expression	(data	not	shown).	
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	 As	 HeLa	 cells	 are	 not	 a	 physiological	 relevant	 HIV-1	 target	 cell	 type,	 we	 next	

performed	infection	studies	using	the	T-cell	line	(Jurkat)	and	the	monocytic	cell	line	(THP-

1).	miR-128	 significantly	 repressed	HIV-1	 reporter	 activity,	 as	 compared	 to	miR-controls	

(Figure	 3C,	 n=3	 independent	 biological	 replicates,	 mean	 ±	 SEM,	 THP-1	 p=0.0006,	 Jurkat	

p=0.0118).	anti-miR-128	significantly	enhanced	HIV-1	infection	of	THP-1	cells,	but	did	not	

enhance	 HIV-1	 infection	 in	 Jurkat	 cells,	 relative	 to	 miR	 control	 cells	 (Figure	 3C,	 n=3	

independent	biological	replicates,	mean	±	SEM,	THP-1	p=0.7725,	Jurkat	p=0.0365).					

	 Finally,	primary	human	CD4	T-cells	were	isolated	from	healthy	donors	by	Ficoll	and	

MACS	separation.	They	were	then	stimulated	with	30	IU/ml	IL-2,	activated	with	CD3/CD28	

for	2	days,	and	then	transiently	transfected	with	miR	mimics	(miR-128,	anti-miR-128	and	

control	miR	 oligonucleotides)	 for	 48hrs.	 The	 CD4	 T-cells	were	 then	 spinfected	with	HIV	

reporter	 virus	 and	 luciferase	 activity	 was	 determined	 after	 48hrs.	 miR-128	 significantly	

inhibited	HIV	reporter	infection	in	primary	CD4	T-cells,	to	a	similar	extent	as	observed	with	

transient	miR	modulated	 of	 HeLa	 cells	 (Figure	 3D,	 n=3	 technical	 replicates,	 mean	 ±	 SD,	

p=0.0008).	 anti-miR-128	 did	 not	 affect	 replication	 of	 the	 HIV-1	 reporter	 virus	 in	 any	

substantial	fashion.			

	 These	 combined	 data	 support	 the	 conclusion,	 that	 miR-128	 significantly	 inhibits	

infection	of	a	single	cycle	HIV-1	reporter	virus	in	cell	 lines	(HeLa,	Jurkat	and	THP-1	cells)	

and	in	HIV-1	target	cells,	CD4	T-cells.	
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Figure	 3:	 miR-128	 inhibits	 replication	 of	 a	 single	 cycle	 HIV-1	 reporter	 virus.	 (A)	 Relative	 luciferase	
activity	normalized	to	total	protein	concentration	 in	HeLa	cells	stably	transduced	with	control,	miR-128,	or	
anti-miR-128,	challenged	with	single-cycle	HIV-1	luciferase	reporter	virus	and	lysed	48	hours	later		(AI,	AB,	
n=3	 independent	 biological	 replicates,	 mean	 ±	 SEM,	 *,	 p<0.05,	 **,	 p<0.01).	 (B)	 Relative	 luciferase	 activity	
normalized	to	total	protein	concentration	in	HeLa	cells	transiently	transfected	with	control,	miR-128,	or	anti-
miR-128	mimics,	challenged	with	single-cycle	HIV-1	 luciferase	reporter	virus	and	 lysed	48	hours	 later	 	 (AI,	
AB,	n=3	independent	biological	replicates,	mean	±	SEM,	*,	p<0.05).	(C)	Relative	luciferase	activity	normalized	
to	total	protein	concentration	in	THP-1	or	Jurkat	cells	stably	transduced	with	control,	miR-128,	or	anti-miR-
128,	 challenged	 with	 single-cycle	 HIV-1	 luciferase	 reporter	 virus	 and	 lysed	 48	 hours	 later	 	 (AI,	 AB,	 n=3	
independent	 biological	 replicates,	 mean	 ±	 SEM,	 *,	 p<0.05,	 ***,	 p<0.001)	 (D)	 Relative	 luciferase	 activity	
normalized	to	total	protein	concentration	in	HeLa	cells	transiently	transfected	with	control,	miR-128,	or	anti-
miR-128	mimics,	challenged	with	single-cycle	HIV-1	 luciferase	reporter	virus	and	 lysed	48	hours	 later	 	 (AI,	
n=3	technical	replicates,	mean	±	SD,	***,	p<0.001).	Credit:	A-C,	Adam	Idica	and	Aurore	Bochnakian;	D,	Adam	
Idica.			
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miR-128-induced	HIV-1	inhibition	is	partly	dependent	on	TNPO3	

	 Next,	we	wished	to	explore	whether	miR-128	induced	TNPO3	repression	is	required	

for	HIV-1	repression.	We	took	advantage	of	 the	N74D	mutant	single	cycle	HIV-1	reporter	

virus	 pseudotyped	 with	 VSV-G	 (pNL4-3.delta.Luc.R+.E-),	 an	 HIV-1	 vector	 construct	

generated	in	the	KewalRamani	laboratory.	The	N74D	mutant	contains	a	single	amino	acid	

substitution	 in	 the	 CA	 protein	 and	 has	 been	 shown	 to	 affect	 the	 sensitivity	 of	 HIV-1	 to	

depletion	of	nuclear	import	factors,	including	TNPO3	32,49.		

	 In	 order	 to	 dissect	 the	 role	 of	miR-128-induced	 TNPO3	 repression,	we	 generated	

miR-modulated	 (miR-128	 overexpressing,	 anti-miR-128	 and	 miR	 controls),	 and	 TNPO3-

modulated	 (shTNPO3,	 TNPO3	 overexpressing	 or	 controls)	 HeLa	 cell	 lines.	 All	 HeLa	 cell	

lines	were	verified	for	expected	expression	levels	of	miR-128	and	TNPO3.	miR	modulated	

and	TNPO3	modulated	 cells	were	 spinfected	with	wildtype	 (WT)	 or	N74D	mutant	HIV-1	

reporter	 virus.	 As	 expected,	 miR-128	 significantly	 reduced	 WT	 HIV-1	 reporter	 viral	

replication	and	anti-miR-128	enhanced	WT	HIV-1	replication,	relative	to	miR	control	HeLa	

cell	 lines	 (Figure	 4A,	 left,	 n=3	 independent	 biological	 replicates,	 mean	 ±	 SEM,	 miR-128	

p=0.0006,	anti-miR-128	p=0.0348),	as	previously	shown	(Figure	3A).	Furthermore,	TNPO3	

deficient	HeLa	 cells	 (shTNPO3)	 showed	significantly	 reduced	HIV-1	 reporter	 activity	 and	

induced	TNPO3	expression	enhanced	WT	HIV-1	replication,	relative	to	shControl	HeLa	cells	

(Figure	4A,	right,	n=2	independent	biological	replicates,	mean	±	SEM,	shTNPO3	p=0.0459,	

TNPO3	overexpression	“TNPO3”	p=0.3646).	When	comparing	WT	infected	HeLa	cells	with	

N74D	infected	HeLa	cells,	we	observed	that	TNPO3	knockdown	or	overexpression,	did	not	

affect	N74D	viral	replication	(Figure	4B,	right,	n=2	independent	biological	replicates,	mean	

±	SEM,	shTNPO3	p=0.7762,	TNPO3	overexpression	“TNPO3”	p=0.7091),	verifying	that	the	
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N74D	virus	is	not	dependent	on	TNPO3	for	nuclear	import	and	viral	replication.	The	effect	

of	miR-128-induced	inhibition	of	HIV-1	viral	replication,	was	significantly	reduced	in	N74D	

infected	HeLa	 cells	 relative	 to	WT	 infected	HeLa	 cells;	 however,	miR-128	 still	 repressed	

N74D	 HIV-1	 reporter	 activity	 relative	 to	 controls	 (Figure	 4B,	 left,	 n=3	 independent	

biological	replicates,	mean	±	SEM,	p=0.0449).									

	 As	HeLa	cells	are	not	a	natural	HIV-1	target	cell	line,	we	next	evaluated	the	anti-viral	

role	 of	 miR-128	 in	 N74D	 infected	 miR-modulated	 Jurkat	 and	 THP-1	 cell	 lines.	 miR-128	

induced	significant	 inhibition	of	WT	HIV-1	reporter	activity	 in	Jurkat	(Figure	4C,	 left,	n=3	

independent	biological	replicates,	mean	±	SEM,	p=0.0029)	and	THP-1	cells	(Figure	4D,	left,	

n=3	 independent	biological	 replicates,	mean	±	 SEM,	p=0.0141),	 as	previously	established	

(Figure	 3C).	 When	 challenging	 miR-modulated	 Jurkat	 and	 THP-1	 cells	 with	 the	 N74D	

mutant	reporter	virus,	we	found	that	miR-128-induced	inhibition	of	N74D	viral	replication	

was	partially	and	significantly	derepressed	relative	to	WT	infected	cells;	however,	miR-128	

still	 represses	 N74D	 HIV-1	 reporter	 activity	 relative	 to	 miR	 control	 cell	 lines	 in	 Jurkats	

(Figure	 4C,	 right,	 n=3	 independent	 biological	 replicates,	mean	±	 SEM,	 p=0.0032	 and	 4D,	

right,	n=3	independent	biological	replicates,	mean	±	SEM,	p=0.785).	These	studies	support	

the	 conclusion	 that	 miR-128-induced	 inhibition	 of	 HIV-1	 viral	 replication	 (of	 the	 HIV-1	

reporter	virus)	is	partly	dependent	on	repressing	TNPO3	expression	levels	in	target	cells.	

Finally,	 these	 experiments	 also	 indicate	 that	 miR-128-induced	 inhibition	 of	 HIV-1	

replication,	also	functions	through	TNPO3-independent	mechanisms.	Future	work	will	seek	

to	determine	other	mechanisms	by	which	miR-128	restricts	HIV-1	replication.							
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Figure	 4:	 miR-128-induced	 HIV-1	 repression	 is	 partly	 dependent	 on	 TNPO3.	 (A)	 Relative	 luciferase	
activity	normalized	to	total	protein	concentration	 in	HeLa	cells	stably	transduced	with	control,	miR-128,	or	
anti-miR-128,	challenged	with	wild-type	single-cycle	HIV-1	luciferase	reporter	virus	and	lysed	48	hours	later		
(AI,	 left,	n=3	independent	biological	replicates,	mean	±	SEM,	*,	p<0.05,	***,	p<0.001);	or	in	HeLa	cells	stably	
expressing	shRNA	against	TNPO3	(shTNPO3)	or	overexpressing	TNPO3	(TNPO3)	(AI,	right,	n=2	independent	
biological	 replicates,	 mean	 ±	 SEM,	 *,	 p<0.05).	 (B)	 Relative	 luciferase	 activity	 normalized	 to	 total	 protein	
concentration	in	HeLa	cells	stably	transduced	with	control	or	miR-128,	challenged	with	WT	or	N74D	mutant	
single-cycle	 HIV-1	 luciferase	 reporter	 virus	 and	 lysed	 48	 hours	 later	 (AI,	 left,	 n=3	 independent	 biological	
replicates,	mean	±	SEM,	*,	p<0.05,	**,	p<0.01);	or	 in	cells	repressing	(shTNPO3)	or	overexpressing	(TNPO3)	
TNPO3	 (AI,	 right,	 n=2	 independent	 biological	 replicates,	 mean	 ±	 SEM).	 (C)	 Relative	 luciferase	 activity	
normalized	 to	 total	 protein	 concentration	 in	 Jurkat	 cells	 stably	 transduced	 with	 control	 or	 miR-128,	
challenged	with	wild-type	(WT)	or	N74D	mutant	(Mutant	N74D)	single-cycle	HIV-1	luciferase	reporter	virus	
and	lysed	48	hours	 later	(AI,	n=3	independent	biological	replicates,	mean	±	SEM,	*,	p<0.05,	**,	p<0.01).	(D)	
Relative	 luciferase	activity	normalized	 to	 total	protein	 concentration	 in	THP-1	 cells	 stably	 transduced	with	
control	 or	 miR-128,	 challenged	 with	 wild-type	 (WT)	 or	 N74D	 mutant	 (Mutant	 N74D)	 single-cycle	 HIV-1	
luciferase	reporter	virus	and	lysed	48	hours	later	(AI,	n=3	independent	biological	replicates,	mean	±	SEM,	*,	
p<0.05).	Credit:	A-D,	Adam	Idica	and	Aurore	Bochnakian.	
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DISCUSSION	

	 miRs	are	highly	pleiotropic	regulators	of	gene	expression	that	have	been	implicated	

in	development,	disease,	and	homeostasis	50-57.	Earlier	studies	found	that	some	miRs	may	

have	 evolved	 as	 anti-viral	 mechanisms	 26,58,	 or	 to	 control	 retroelements	 such	 as	 L1	

retrotransposons	41.	Although	miRs	have	been	found	to	inhibit	a	retrovirus,	HIV-1,	directly	

23,27,59-61,	indirect	restriction	of	HIV-1	replication	by	targeting	cellular	co-factors	involved	in	

HIV-1	 replication	 22,62-64	may	be	more	 important	due	 to	 the	high	mutagenic	 flux	of	HIV-1	

and	the	presence	of	escape	mutants	in	infected	patients	65-67.	Our	results	demonstrate	that	

miR-128	 functions	 to	 directly	 repress	 a	 cellular	 co-factor,	 TNPO3,	 involved	 in	 HIV-1	

replication.					

	 TNPO3	was	 identified	by	a	 series	of	genome-wide	RNAi	screens	 29-31	as	a	possible	

restriction	factor	of	HIV-1.	Early	studies	suggested	that	TNPO3	may	play	a	role	in	the	direct	

interaction	 and	active	 import	 of	 the	HIV	pre-integration	 complex	 (PIC)	 to	 the	nucleus	 34.	

Recent	 studies	 however,	 provide	 evidence	 that	 TNPO3	 affects	 HIV	 replication	 by	

sequestering	 another	 restriction	 factor,	 cleavage	 and	 polyadenylation	 specificity	 factor	

subunit	6	(CPSF6)	to	the	nucleus34,36,37.	CPSF6	interacts	directly	with	HIV-1	capsid	(CA)	and	

may	 alter	 the	 kinetics	 of	 capsid	 uncoating	 and	 delaying	 nuclear	 import	 of	 the	HIV-1	 PIC	

32,33.	Thus,	TNPO3	may	potentiate	HIV-1	replication	indirectly	by	repressing	a	repressor	of	

CA	uncoating.		

	 We	provide	evidence	that	miR-128	represses	TNPO3	mRNA	and	protein	amounts	in	

cell	lines	as	well	as	the	primary	target	of	HIV-1,	primary	human	CD4+	T	cells.	Furthermore,	

miR-128-mediated	repression	of	TNPO3	mRNA	and	subsequent	protein	levels	result	from	
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miR-128	binding	directly	to	two	seed	sequences	in	TNPO3	mRNA;	one	seed	sequence	in	the	

CDS	and	second	seed	sequence	in	the	3’UTR.		

	 We	 show	 that	 miR-128	 represses	 replication	 of	 a	 single-cycle	 HIV-1	 luciferase	

reporter	virus	in	cell	lines	as	well	as	CD4+	T	cells.	Additional	results	also	show	that	a	stable	

knockdown	 of	 TNPO3	 using	 shRNA	 significantly	 inhibits	 single	 cycle	 WT	 HIV-1	 but	 not	

N74D	mutant	HIV-1	luciferase	reporter	virus	in	cell	lines	as	previously	described	36.	As	the	

N74D	mutant	HIV-1	is	unable	to	interact	with	CPSF6,	these	results	suggest	that	miR-128-

induced	repression	of	TNPO3	is	capable	of	HIV-1	restriction.	To	confirm	the	effect	of	miR-

128-induced	 repression	 of	 TNPO3	 on	 HIV-1	 replication,	 further	 rescue	 experiments	 in	

which	miR-128	is	overexpressed	(reducing	amounts	of	TNPO3),	and	then	re-expression	of	

miR-128-resistant	 TNPO3	 would	 be	 a	 good	 additional	 experimental	 approach.		

Furthermore,	 a	 double	 rescue	 including	 the	 knockdown	 or	 overexpression	 of	 CPSF6	

(including	 the	 dominant	 negative	 CPSF6-358	 mutant	 that	 is	 unable	 to	 interact	 with	

TNPO3)36	should	be	conducted.	Lastly,	preliminary	data	 from	the	 lab	of	our	collaborator,	

Vineet	 KewalRamani,	 at	 the	 National	 Cancer	 Institute	 has	 verified	 that	 miR-128	

significantly	 represses	 spreading	 infection	 of	 replication-competent	 WT	 HIV-1	 and	 it	

mediates	 cumulative	 repression	 of	 HIV-1	 replication	 over	 time,	 thus	 complementing	 our	

current	 findings.	 Additional	 Infection	 studies	 using	 replication-competent	 N74D	 mutant	

HIV-1	 virus	 are	 in	 progress	 to	 determine	 the	 dependence	 of	 miR-128-induced	 TNPO3	

repression	in	the	inhibition	of	viral	spreading.	

	 In	 summary,	 we	 have	 identified	 that	 miR-128	 represses	 TNPO3	 levels	 through	 a	

direct	binding	mechanism	in	both	the	CDS	and	3’UTR	of	TNPO3	mRNA.	We	also	show	that	

repression	of	TNPO3	results	 in	significantly	 lower	levels	of	HIV-1	replication	in	cell	 lines;	
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altogether	 suggesting	 that	 miR-128-induced	 HIV-1	 repression	 is	 partly	 dependent	 on	

TNPO3.			 								
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Chapter	6	
	

Summary	and	Conclusions	
	

“Thus,	from	the	war	of	nature,	from	famine	and	death,	the	most	exalted	object	which	we	are	

capable	of	conceiving,	namely,	the	production	of	the	higher	animals,	directly	follows.	There	is	

grandeur	 in	 this	view	of	 life,	with	 its	 several	powers,	having	been	originally	breathed	into	a	

few	forms	or	into	one;	and	that,	whilst	this	planet	has	gone	cycling	on	according	to	the	fixed	

law	of	gravity,	from	so	simple	a	beginning	endless	forms	most	beautiful	and	most	wonderful	

have	been,	and	are	being,	evolved.”	

-Charles	Darwin,	1859	

	

The	mid-19th	century	is	marked	as	a	time	in	our	history	when	dramatic	changes	in	our	

understanding	 of	 genetics,	 heritability,	 and	 evolution	 represented	 a	 sea	 change	 for	 the	

biological	 sciences.	We	 are	 currently	 in	 a	 similar	 period	 of	 dramatic	 scientific	 discovery	

potentiated	by	amazing	advances	in	technology	and	the	advent	of	big	data	“omes”	including	

genomes,	transcriptomes,	proteomes,	microbiomes.	Our	challenge	now	is	the	integration	of	

these	data	and	determining	what	interactions	occur	and	how	each	is	regulated.	The	human	

genome	 encodes	 everything	 that	 makes	 life	 possible,	 from	 the	 proteins	 of	 hair	 to	 the	

muscles	 of	 the	 heart.	 Naturally,	 any	 change	 in	 the	 genome	 has	 the	 potential	 for	 many	

consequences	both	good	and	bad	for	human	health	good	in	the	sense	that	mutations	are	the	

raw	material	for	evolution	and	bad	in	the	sense	that	the	mutation	may	lead	to	cancer.			

Retroelements	 including	 L1	 retrotransposons	 and	 HIV-1	 are	 capable	 of	 random	

integration	 into	 the	genome	thus	 impacting	human	health	and	evolution.	The	goal	of	 this	
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dissertation	 was	 to	 investigate	 how	 miR-128	 targets	 retroelements	 and	 their	 cellular	

cofactors	 to	 repress	 the	potentially	deleterious	effects	of	 retrotransposition	and	genomic	

integration.	Transcription	factors	are	known	as	master	regulators	of	gene	expression,	with	

miRs	 generally	 viewed	 as	 “fine-tuning”	 of	 gene	 expression	 through	 post-transcriptional	

repression	 of	 its	 mRNA	 targets	 1.	 There	 is	 increasing	 evidence	 that	 miRs	 are	 highly	

pleiotropic;	 they	 are	 able	 to	 achieve	 dramatic	 regulation	 of	 entire	 pathways	 and	 cellular	

processes	 by	 repressing	multiple	 targets	within	 the	 same	 pathway	 2-4.	 In	 addition,	miRs	

from	 the	 same	 family	 or	 the	 same	miR	having	 the	 same	or	 similar	 seed	 sequences	 often	

converge	on	 the	same	mRNA	targets	 thus	allowing	 for	stronger	repression	5-8.	miRs	have	

been	found	to	repress	multiple	targets	in	normal	cell	 functions	like	metabolism	9	and	cell	

cycle	 10,	 as	well	 as	diseases	 like	 cancer	 11-13	 and	autoimmunity	 14,15.	 Studies	presented	 in	

this	dissertation	(1)	 identified	miR-128	as	a	direct	repressor	of	L1	retrotransposition	(2)	

characterized	 how	miR-128	 represses	 nuclear	 import	 of	 L1	 ORF1p	 by	 directly	 targeting	

TNPO1	(3)	determined	the	effect	of	direct	miR-128-induced	repression	of	hnRNP	A1	on	L1	

retrotransposition	 and	 (4)	 analyzed	 the	 effect	 of	 direct	 miR-128-induced	 repression	 of	

TNPO3	on	HIV	replication.							

Chapter	 2	 demonstrates	 that	 miR-128	 represses	 L1	 retrotransposons	 by	 a	 direct	

binding	mechanism.	L1	retrotransposons	account	for	approximately	17%	of	the	genome	16	

and	active	L1	elements	are	able	to	autonomously	replicate	to	new	sites	in	the	genome	17,18,	

thus	contributing	to	the	mutational	burden	of	somatic	cells.	We	show	that	miR-128	is	able	

to	 repress	 L1	 retrotransposons	 by	 binding	 full-length	 replication-competent	 L1	 RNA	 in	

multiple	cell	 types	 including	colon	cancer	 initiating	cells	 (CCICs)	and	 induced	pluripotent	

stem	cells	(iPSCs).	miR-128-induced	repression	results	in	significantly	lower	L1	mRNA,	L1	
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ORF1p	and	de	novo	retrotransposition	and	integration	events	as	represented	by	neomycin-

resistant	 foci	 in	 colony	 formation	 assays.	 Although	modulation	 of	 L1	mRNA	 and	 ORF1p	

levels	 by	 miR-128	 are	 correlated	 with	 L1	 activity	 (e.g.	 more	 L1	 RNA	 and	 L1	 protein	

potentiates	greater	rates	of	L1	retrotransposition),	there	are	many	replication-incompetent	

and	 truncated	L1	 transcripts,	 and	 so	 the	neomycin-resistant	 foci	 in	 the	 colony	 formation	

assays	 are	 the	 only	 functional	 in	 vitro	 method	 showing	 direct	 rates	 of	 active	 reverse	

transcription	and	de	novo	L1	retrotransposition.	Lastly,	immuno-purification	of	Argonaute	

complexes	 demonstrate	 an	 enrichment	 in	 L1	 RNA	when	miR-128	 is	 overexpressed,	 and	

does	not	enrich	L1	RNA	in	which	the	miR-128	seed	sequence	has	been	mutated,	providing	

further	evidence	 that	miR-128	binds	directly	 to	L1	RNA	 in	cells.	This	study	 is	 the	 first	 to	

show	that	miRs	can	regulate	L1	retrotranspositon	directly	19.	

Chapter	3	addresses	the	hypothesis	that	miR-128	may	repress	L1	retrotransposition	by	

working	in	a	dual	fashion;	targeting	L1	RNA	directly	and	by	repressing	a	cellular	co-factor	

involved	 in	 L1	 retrotransposition,	 known	 as	 Transportin	 1	 or	 TNPO1.	 Since	 miRs	 are	

thought	 to	 regulate	many	cellular	 targets	 in	 the	 same	pathway,	 there	are	many	points	at	

which	 miR-128	 could	 restrict	 L1	 replication	 and	 retrotransposition,	 including	 nuclear	

import	of	 the	L1	RNP	complex;	 if	L1	RNP	complexes	can’t	get	 into	the	nucleus,	 they	can’t	

integrate	 back	 into	 the	 genome.	 Although	 L1	 RNP	 complexes	 theoretically	 have	

unrestricted	access	to	the	genome	during	cell	division,	alternative	mechanisms	by	which	L1	

RNP	 utilizes	 active	 transport	 mechanisms	 to	 gain	 access	 to	 the	 genome	 may	 exist	

independent	of	cell	division	(e.g.	in	non-dividing	cells	such	as	mature	neurons	in	the	brain).	

We	 find	 that	 miR-128	 directly	 binds	 to	 and	 represses	 TNPO1	 RNA,	 and	 resulting	 lower	

levels	of	TNPO1	result	in	significant	decreases	in	L1	RNA,	L1	ORF1p,	nuclear	localization	of	
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L1	 ORF1p	 and	 de	 novo	 L1	 retrotransposition.	 Additional	 experiments	 to	 consider	 could	

include	 a	 confirmation	 that	 L1	RNP	 is	 a	 direct	 cargo	 of	 TNPO1,	 and	 that	 TNPO1	 enables	

efficient	 nuclear	 import	 of	 L1	 RNP;	 this	 could	 be	 accomplished	 by	 a	 combination	 of	

immunofluorescence,	fractionation	and	immunoprecipitation	techniques.	Furthermore,	the	

peptide	known	as	M9M	20,	specifically	and	robustly	binds	to	TNPO1	and	prevents	TNPO1-

mediated	nuclear	import	of	other	cargoes;	we	would	expect	experiments	utilizing	M9M	to	

abrogate	an	interaction	of	TNPO1	with	L1	RNP,	resulting	in	a	corresponding	decrease	in	L1	

RNP	 nuclear	 localization	 and	 retrotransposition	 (by	 RNA,	 Protein	 and	 colony	 formation	

assay).	Possible	additional	experiments	looking	at	the	localization	of	L1	RNP	in	G1/S	or	G0	

arrested	cells	 21,22	could	also	help	to	determine	the	contribution	of	active	transport	 to	L1	

retrotransposition.	 	 Chapter	 4	 is	 an	 analysis	 of	 miR-128-induced	 repression	 of	 another	

important	co-factor	likely	involved	in	L1	retrotransposition	known	as	hnRNP	A1.	Although	

hnRNP	A1	was	 independently	 identified	by	 the	 intersection	of	 genes	 from	 the	L1	ORF1p	

interactome	 23	 and	 our	 own	 DGCR8	 -/-	 screen,	 it	 was	 already	 well-characterized	 as	 an	

interaction	partner	of	TNPO1	24,25,	thus	providing	additional	support	for	our	rationale	that	

miR-128	represses	multiple	targets	within	the	L1	retrotransposition	pathway.		

It	 has	 been	 shown	 that	 cell	 division	 is	 required	 for	 efficient	 L1	 retrotransposition	 to	

varying	degrees	and	that	inhibition	of	retrotransposition	in	non-dividing	cells	may	confer	

protection	 from	 the	 accumulation	 of	 deleterious	 mutations	 in	 the	 genome	 21,22,26.	 This	

provides	 an	 interesting	 avenue	 by	 which	 additional	 cellular	 targets	 may	 be	 targeted	 by	

miR-128	to	mediate	nuclear	import	and	the	repression	of	L1	retrotransposition.	The	same	

qPCR	 screen	 that	 identified	TNPO1	as	 a	possible	 target	 of	miR-128	 included	many	other	

targets	that	may	potentially	have	an	impact	on	L1	retrotransposition	(described	in	chapter	



	 157	

3).	One	target	 found	in	the	screen,	polo-like	kinase	2	(PLK2)	was	particularly	 interesting,	

since	it	has	been	shown	that	PLK2	is	required	for	centriole	duplication	in	mammalian	cells;	

cells	with	 a	 dominant	 negative	 form	of	 PLK	 expressed	 are	 arrested	 in	 the	G1	 to	 S	 phase	

transition	27,28.	Future	experiments	could	possibly	investigate	whether	additional	cofactors	

targeted	by	miR-128	 involved	 in	 cell	 cycle	 regulation,	 such	as	PLK2,	 cyclins,	 cell-division	

cycle	 proteins,	 and	 cyclin-dependent	 kinases	 are	 also	 involved	 in	 the	 regulation	 of	 L1	

retrotransposition.		

	 Chapter	5	evaluates	the	effect	of	miR-128	repression	of	TNPO3	on	HIV-1	replication.	

Transportin	3	(TNPO3)	belongs	to	a	family	of	transportins	which	also	includes	TNPO1	that	

was	 characterized	 in	 chapter	 3.	 Interestingly,	 there	 are	 miR-128	 seed	 sites	 in	 all	 three	

transportins,	 TNPO1,	 TNPO2	 and	 TNPO3.	 It	 has	 been	 shown	 that	 TNPO3	 plays	 a	 role	 in	

HIV-1	 replication,	 however	 the	 exact	 mechanism	 remains	 controversial.	 Early	 studies	

showed	 that	 TNPO3	 interacted	 directly	 with	 HIV-1	 and	 possibly	 acted	 as	 an	 active	

transport	 mechanism	 into	 the	 nucleus	 29,	 however	 later	 reports	 show	 that	 TNPO3	

effectively	 represses	 another	 restriction	 factor	 of	 HIV	 known	 as	 cleavage	 and	

polyadenlylation	specificity	factor	subunit	6	(CPSF6)	via	sequestration	to	the	nucleus	30-34.	

We	 demonstrate	 that	 miR-128	 represses	 TNPO3	 protein	 and	 mRNA	 levels	 by	 a	 direct	

binding	 mechanism.	 We	 also	 provide	 evidence	 that	 miR-128	 is	 able	 to	 repress	 HIV-1	

replication	using	a	single	cycle	luciferase	reporter	virus.	Finally,	we	show	that	knockdown	

of	TNPO3	using	shRNA	is	able	to	repress	HIV-1	replication	as	well.	These	data	suggest	that	

miR-128-induced	 repression	 of	 TNPO3	 significantly	 represses	HIV-1	 replication.	Another	

avenue	of	investigation	could	investigate	the	interplay	between	endogenous	host	miRs	and	

viral	 RNA.	 There	 are	 a	 few	 cases	 where	 endogenous	 host	 miRs	 have	 been	 co-opted	 to	
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enhance	 HIV-1	 infectivity	 35.	 Earlier	 studies	 have	 shown	 that	 miR-128	 levels	 are	

upregulated	upon	interferon	stimulation	36-38;	it	is	likely	that	miR-128-induction	may	have	

evolved	as	an	additional	arm	of	the	antiviral	interferon	response	38.	Lastly,	HIV-1	has	been	

shown	 to	 induce	 hnRNP	 A1	 expression	 and	 promotes	 accumulation	 in	 the	 cytoplasm	 to	

positively	 mediate	 translation	 of	 HIV-1	 vRNA	 39.	 Interestingly,	 HIV-1	 induces	 the	

accumulation	of	hnRNP	A1	to	the	cytoplasm	by	disrupting	the	localization	of	TNPO1,	taking	

advantage	 of	 the	 same	 nuclear	 import	 pathway	 we	 describe	 for	 L1	 retrotransposons	

(TNPO1	-	Chapter	3	and	hnRNP	A1	-	Chapter	4).	Together,	these	data	suggest	(1)	Nuclear	

import	 of	 retroelements	 such	 as	 L1	 retrotransposons	 and	HIV-1	 represents	 a	 restriction	

point	 by	 which	 multiple	 cellular	 factors	 can	 be	 repressed	 in	 unison	 to	 enable	 a	 strong	

negative	 regulation	 of	 retroelement	 replication,	 and	 (2)	 miR-128	 may	 act	 as	 a	 master	

regulator	 of	 nuclear	 import	 by	 repressing	 multiple	 cellular	 cofactors	 involved	 in	 L1	

retrotransposition	 or	 HIV-1	 replication.	 Future	 studies	 could	 investigate	 other	 nuclear	

import,	nuclear	export	or	cell-cycle	determining	co-factors	as	potential	targets	of	miR-128	

involved	 in	 regulating	 retroelement	 lifecycles.	Furthermore,	 these	data	 suggest	 that	miR-

128	 evolved	 as	 a	 defense	 against	 the	 mutagenic	 potential	 of	 L1	 retrotransposition	 and	

many	 of	 the	 same	 strategies	 utilized	 in	 the	 restriction	 of	 L1	 retrotransposition	 (e.g.	

disrupting	 nuclear	 import	 pathways)	 are	 also	 effective	 at	 restricting	 other	 retroviruses	

such	as	HIV-1.	

	 Aside	 from	 L1	 retrotransposons	 and	 retroviruses	 such	 as	 HIV-1,	 there	 are	 other	

retroelements	or	reverse-transcriptase-encoding	proteins	that	have	the	potential	to	affect	

the	 genome.	 Another	 class	 of	 retroelement	 is	 known	 as	 human	 endogenous	 retroviruses	

(HERVs)	 that	 account	 for	 approximately	 8%	 of	 the	 human	 genome	 40.	 Similar	 to	 L1	
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retrotransposons,	HERVs	are	thought	to	result	from	the	repeated	integration	of	retroviral	

sequences	 into	 the	 human	 genome	 over	millions	 of	 years.	 The	 contribution	 of	HERVs	 to	

human	 diseases	 is	 currently	 being	 investigated,	 however	 they	 have	 been	 implicated	 in	

genomic	instability	as	well	as	amyotrophic	lateral	sclerosis	(ALS)	41,42.	We	have	preliminary	

data	showing	that	miR-128	may	directly	bind	to	a	conserved	seed	site	in	the	pol-encoding	

region	 of	 HERV	 K	 to	 repress	 mRNA	 levels.	 Another	 ribonucleoprotein	 with	 reverse	

transcriptase	 activity	 known	as	 telomerase	 is	 famously	 known	 for	 extending	 the	 ends	 of	

chromosomes	 to	solve	 the	end	replication	problem	 in	dividing	cells	 43.	TERT,	 the	protein	

component	of	telomerase	that	is	responsible	for	reverse	transcriptase	function,	also	has	a	

miR-128	 seed	 site	 in	 the	 mRNA	 sequence.	 The	 Pedersen	 laboratory	 has	 preliminary	

evidence	 that	miR-128	 is	 able	 to	 bind	 directly	 to	 TERT	 and	 repress	 telomerase	 activity,	

supporting	 the	 idea	 that	miR-128	 has	 evolved	 to	 repress	 elements	with	 general	 reverse	

transcriptase	activity	such	as	L1	retrotransposons	19,	HIV-1	(Chapter	5),	HERVs	and	TERT.	

Future	 experiments	 investigating	 the	 repression	 of	 retroelements,	 reverse-transcriptase-

encoding	 proteins	 and	 cofactors	 by	 miR-128	 including	 HERVs	 and	 telomerase	 are	

forthcoming.										

Currently	there	are	nearly	500	clinical	trials	on	clinicaltrials.gov	investigating	miRs	

as	biomarkers,	diagnostics,	risk	stratification	and	therapeutics	which	is	a	testament	to	the	

potential	impact	of	miRs	on	human	health.	One	of	the	most	advanced	therapeutics,	in	phase	

II	clinical	 trials,	 is	 looking	to	use	anti-miR-122	to	repress	miR-122	and	inhibit	hepatitis	C	

replication.	 Unfortunately,	 the	 trial	 was	 recently	 placed	 on	 a	 clinical	 hold	 due	 to	 safety	

concerns	 44.	Like	any	new	class	of	 therapeutic,	 there	will	be	speed	bumps	along	 the	way,	

but	miRs	as	potent	regulators	of	gene	expression	are	here	to	stay.		
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Chapter	7	

	

Methods	and	Materials	

	

1.	Cell	culture	methods	

All	cells	were	cultured	at	37˚C,	5%	CO2	and	routinely	checked	for	mycoplasma.	

	

Culture	of	adherent	cells:	HeLa,	H23,	MDA-231,	293T		

HeLa	 cells	 (CCL-2,	 ATCC)	 were	 cultured	 in	 EMEM	 (SH3024401,	 Hyclone)	

supplemented	 with	 10%	 HI-FBS	 (FB-02,	 Omega	 Scientific),	 5%	 Glutamax	 (35050-061,	

ThermoFisher),	 3%	 HEPES	 (15630-080,	 ThermoFisher),	 and	 1%	 Normocin	 (ant-nr-1,	

Invivogen).	293T	cells	 (CRL-3216,	ATCC),	H23	cells	 (CRL-5800,	ATCC),	and	MDA-MB-231	

(ATCC	HTB-26)	were	 cultured	 in	DMEM	 supplemented	with	 10%	HI-FBS	 (FB-02,	Omega	

Scientific),	 5%	 Glutamax	 (35050-061,	 Lifetech)	 and	 1%	 Normocin	 (ant-nr-1,	 Invivogen).	

Passaging	was	performed	at	80%	confluence	with	0.25%	trypsin	(SH30042.01,	Hyclone).	

	

Culture	of	suspension	cells:	THP1,	Jurkat,	Primary	CD4+	T-Cells	

	 THP1,	 Jurkat,	 and	 primary	 CD4+	 T-cells	 were	 cultured	 in	 RPMI	 1640	 (Hyclone)	

supplemented	 with	 10%	 HI-FBS	 (FB-02,	 Omega	 Scientific),	 5%	 Glutamax	 (35050-061,	

ThermoFisher),	and	1%	Normocin	(ant-nr-1,	Invivogen).	
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Culture	of	Tera-1	

Tera-1	 cells	 (HTB-105,	 ATCC)	were	 cultured	 in	McCoy’s	 5A	 (16600-082,	 Lifetech)	

supplemented	with	20%	Cosmic	Serum	(SH3008702,	Fisher	Sci),	and	1%	Normocin	(ant-

nr-1,	Invivogen).	

	

Culture	of	CCICs	

Colon	 cancer	 initiating	 cells	 (CCICs,	 gifted	 from	 Professor	 Marian	 Waterman,	 UC	

Irvine)	 were	 verified	 and	 cultured	 as	 described	 in	 Sikandar	 et	 al	 {Sikandar:2010hk}.	

Briefly,	CCICs	were	cultured	as	 spheres	 in	ultra-low	attachment	 flasks	 in	DMEM/F12,	N2	

supplement	 (17502-048,	 Lifetech),	 B27	 supplement	 (17504-044,	 Lifetech),	 heparin	 (4	

µg/mL,	 Sigma),	 epidermal	 growth	 factor	 (20	 ng/mL),	 and	 basic	 fibroblast	 growth	 factor	

(20ng/mL).	H23	(CRL-5800,	ATCC)	were	cultured	in	RPMI-1640	(11875,	Lifetech),	10%	HI-

FBS,	5%	Glutamax,	and	1%	Normocin.		

	

Culture	of	induced	Pluripotent	Stem	Cells	(iPSCs)	

iPSCs	were	cultured	 in	Nutristem	(#01-0005,	Stemgent)	with	daily	media	changes	

on	ES-qualified	matrigel	 (#	354277,	Corning).	Passaging	was	performed	with	cell	 release	

buffer	(#S2072,	Primorigen	biosciences).	

	

2.	Lentiviral	packaging	and	concentration	

VSVG-pseudotyped	lentiviral	vectors	were	made	by	transfecting	0.67µg	of	pMD2-G	

(12259,	Addgene),	1.297µg	of	pCMV-DR8.74	(8455,	Addgene),	and	2µg	of	mZIP-miR-128,	

mZIP-anti-miR-128,	pLKO-shControl	or	pLKO-shTNPO1	(transfer	plasmid))	into	293T	cells	
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using	 Lipofectamine	 LTX	 (15338030,	 ThermoFisher).	 Virus-containing	 supernatant	 was	

collected	48hr	and	96hr	post-transfection.	Viral	SUPs	were	concentrated	using	PEG-it	virus	

precipitation	solution	(LV810A-1)	according	to	manufacturer’s	instructions. 

	

3.	Transfection	and	transduction	of	cells	

OptiMem	 (31985070,	 Lifetech)	 and	 TransIT-X2	 transfection	 reagent	 (MIR-6004,	

Mirus	 Bio)	 or	 Lipofectamine	 RNAiMAX	 (13778075,	 Lifetech)	 were	 used	 to	 complex	 and	

transfect	 20µM	 miR-128	 mimic	 or	 anti-miR-128	 (C-301072-01	 and	 IH-301072-02,	

Dharmacon)	 into	 HeLa	 (pJM101/L1	 co-transfected),	 Tera-1,	 293T,	 H23	 or	 iPSCs	 using	

Lipofectamine	RNAiMAX	(13778075,	Lifetech)	or	TransIT-X2	(MIR-6004,	Mirus	Bio).	Cells	

were	transduced	with	high	titer	vectors	using	polybrene	(sc-134220,	Santa	Cruz	Biotech)	

and	spinoculation	(800xg	at	32˚C	for	30	minutes).	Transduced	cells	were	then	selected	and	

maintained	using	3µg/mL	puromycin.		

	

4.	Mutations	

Mutation	of	the	miR-128	binding	site	

For	 the	 mutation	 of	 the	 potential	 miR-128	 binding	 site	 in	 the	 ORF-2	 of	 the	 L1	

reporter,	the	complete	L1-reporter	cassette	was	excised	from	the	pJM101-L1RP	plasmid	by	

SalI	 digestion.	 The	 fragment	 was	 purified	 by	 gel	 extraction	 and	 inserted	 into	 the	 SalI	

digested	 backbone	 of	 pcDNA3.1.	 The	 resulting	 plasmid	 pL1-Neo-Reporter	 is	 significantly	

reduced	in	size	and	allowed	for	the	construction	of	a	mutated	fragment	by	fusion	PCR	then	

insertion	 into	 the	 pL1-Neo-Reporter.	 For	 the	 fusion	 PCR	 the	 primers	 (see	 primers	 and	

plasmids	 for	 sequences)	 were	 used	 to	 amplify	 the	 fragments	 with	 the	 Phusion	 PCR	
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polymerase	system	(NEB).	For	the	fusion,	2	µl	of	the	first	PCR	was	used	as	templates	for	the	

generation	of	the	long	fragment	with	the	addition	of	PCRI	primer	sense	and	PCRII	primer	

antisense	and	amplified	by	standard	PCR	with	the	Phusion	PCR	polymerase	system	(NEB).	

The	 fusion	 fragment	 includes	 the	 mutated	 miR-128	 side	 and	 it	 was	 purified	 by	 gel	

electrophoreses.	 The	 original	 ORF-2	 sequence	was	 replaced	 in	 the	 pL1-Neo-Reporter	 by	

the	 fusion	 fragment	 by	 cutting	 the	 plasmid	 with	 restriction	 enzymes	 AfeI	 and	 EcoRI,	

followed	by	ligating	iin	the	fusion	fragment.	

Generation	of	reverse	transcriptase	deficient	(RT-,	RT	dead)	L1	reporter	plasmid	

Reverse	transcriptase	incompetent	PJM101/L1	plasmid	was	made	using	the	Q5	Site-

directed	 mutagenesis	 Kit	 (E0554S,	 New	 England	 Biolabs)	 and	 the	 mutation	 strategy	

described	 in	 Morrish	 et	 al	 ({Morrish:2002fx})	 where	 the	 D702A	 mutation	 in	 L1	 ORF2	

resulted	in	an	incompetent	reverse	transcriptase.		 

	

5.	RNA	extraction	and	quantification	

RNA	 was	 extracted	 using	 Trizol	 (15596-018,	 ThermoFisher)	 and	 Direct-zol	 RNA	

isolation	 kits	 (R2070,	 Zymo	 Research).	 cDNA	 was	 made	 with	 the	 High-Capacity	 cDNA	

Reverse	Transcription	Kit	(4368813,	ThermoFisher).	mRNA	levels	were	analyzed	by	qRT-

PCR	 using	 SYBR	 Green	 (ThermoFisher)	 or	 Forget-me-not	 qPCR	 mastermix	 (Biotium)	

relative	 to	beta-2-microglobulin	 (B2m)	housekeeping	gene	and	processed	using	 the	ΔΔCt	

method.			 	
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6.	Western	blotting	

Rabbit	anti-human	L1	ORF1p	antibody	custom	generated	by	Genscript	against	and	

validated	 by	 ELISA	 was	 used	 at	 1:1000.	 Western	 blot	 analysis	 was	 cross-checked	 by	 a	

custom	 generated	 anti-human	 L1	 ORF1p	 antibody	 (Eurogentec)	 kindly	 gifted	 by	 G.	

Schumann.	Anti-hnRNP	A1	 (ab5832,	Abcam),	anti-TNPO1	(ab10303,	Abcam),	anti-TNPO3	

(ab54353,	 Abcam)	 and	 anti-HA-tag	 (#3724S,	 Cell	 Signaling	 Technology)	 were	 diluted	

1:1000.	Anti-alpha	Tubulin	antibody	(ab4074,	Abcam)	was	diluted	1:5000,	anti-Lamin	A/C	

(#4777S,	Cell	Signaling	Technology)	diluted	1:3000	and	Anti-GAPDH	antibody	(14C10,	Cell	

Signal	Technology)	diluted	1:3000	were	used	as	loading	controls;	validation	can	be	found	

on	the	manufacturer	websites.	Secondary	HRP-conjugated	anti-rat	IgG	(ab102172,	Abcam),	

HRP-conjugated	anti-rabbit	IgG	(GE),	and	HRP-conjugated	anti-mouse	IgG	(GE)	were	used	

at	 1:5000.	 ECL	 substrate	 (32106,	 ThermoFisher)	was	 added	 and	 visualized	 on	 a	 BioRad	

ChemiDoc	imager.			

	

7.	Cloning		

The	ORF1-HA	gene	was	generated	by	polymerase	chain	reaction	(PCR)	on	DNA	from	

the	plamid	pJM101/L1	(ORF1).	To	generate	the	ORF1-HA	insert,	we	used	the	sense	ORF1-

HA	primer	(5´-GCCTAAGATC	TAGGTACCAC	CATGGGGAAA	AAACAGAACA	GAAAAAC-3´)	and	

antisense	 ORF1-HA	 primer	 (5´-GTATCTTATC	 ATGTCTGGCC	 AGCTAGCTTA	 GGCGTAGTCG	

GGCACGTCGT	AGGGGTAGCC	CATTTTGGCA	TGATTTTGCA	GCG-3´;	HA-tag	 is	shown	 in	 italic	

letters).	 All	 amplicons	 were	 generated	 using	 the	 Phusion	 High-Fidelity	 PCR	 Kit	 (NEB)	

according	to	the	manufacturer´s	protocol.	The	amplicons	were	cloned	into	the	expression	

vector	 pExpress-mUKG-MH1	 by	 replacing	 the	 mUKG	 insert	 by	 the	 amplicon.	 For	 the	
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generation	of	the	plasmid	backbone	the	vector	was	cut	by	NcoI	and	NheI	and	the	insert	was	

cloned	into	the	backbone	by	using	the	cold	fusion	kit	(SBI)	per	the	manufacturer´s	protocol.	

The	 resulting	 plasmids	 pExpress-ORF1-HA-MH1	 and	 pExpress-ORF2-HA-MH1	 were	

amplified	in	E.	coli	and	validated	by	sequencing.	

	 	

shRNA	 for	 TNPO1	 was	 designed	 using	 the	 RNAi	 Consortium	

(https://www.broadinstitute.org/rnai/public/)	using	clone	TRCN0000382164	and	cloned	

into	 pLKO.1	 puro	 backbone	 (Addgene,	 #8453).	 pLKO	 shGFP	 control	 plasmid	 was	 pre-

assembled	(Addgene,	#30323).	

	

For	 the	 TNPO1	 full-length	 clone	 we	 modified	 the	 plasmid	 pFC-PGK-MCS-pA-EF1-

GFP-T2A-Puro	 (SBI,	 backbone)	 by	 replacing	 the	 PGK	 with	 a	 CMV	 promoter.	 The	 CMV	

promoter	provides	a	strong	and	robust	expression	on	most	cell	types.	The	CMV	promoter	

was	amplified	by	PCR	from	the	phiC31	integrase	expression	plasmid	(SBI).	To	generate	the	

CMV	 promoter	 insert,	 we	 used	 the	 sense	 CMV	 primer	 (5´-CTAGAACTAG	 TTATTAATAG	

TAATCAATTA	 CGGGGTC-3´)	 and	 antisense	 CMV	 primer	 (5´-	 GATATCGGAT	 CCACCGGTAC	

CAAGCTTAAG	TTTAAAC-3´).	The	insert	and	the	backbone	of	the	plasmid	were	cut	by	XbaI	

and	BamHI	and	purified	by	agarose	gel	electrophoresis.	Insert	and	backbone	were	ligated	

together	 using	 the	 quick	 ligation	 kit	 (NEB)	 and	 transformed	 into	 E.	 coli	 (DH10B).	 The	

resulting	plasmid	pFC-CMV-MCS-pA-EF-1-GFP-T2A-Puro-MH1	was	verified	by	sequencing.	

	

For	 the	 cloning	 of	 the	 full-length	TNPO1	mRNA	expression	 clone	 (FL-TNPO1),	we	

isolated	 total	 RNA	 from	 A549	 and	 HeLa	 cells.	 20	 ng	 of	 the	 total	 RNA	 was	 reverse	
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transcribed	using	a	poly	dT	primer.	For	the	amplification	of	the	TNPO1	gene,	we	used	the	

sense	 TNPO1	 sense	 (5´-TTTAAACTTA	 AGCTTGGTAC	 CGGTGGATCC	 GCCACCATGG	

AGTATGAGTG	 GAAACCTGAC-3´)	 and	 antisense	 TNPO1	 antisense	 (5´-	 GATTAAACAC	

CATAAAAAGC	TGCA	-3´).	The	3´-UTR	of	the	gene	that	exhibits	the	binding	site	for	miR-128	

was	split	into	four	fragments.	For	the	four	parts,	the	following	primers	were	used:	part	I	3´-

UTR	primer	sense	1	(5´-GGAAGGGTAA	ACCAGTAGGG	AATA	-3´)	and	3´-UTR	antisense	1	(5´-	

GGGTTAACTT	 AACAAGGATT	 TATTCAC-3´);	 part	 II	 3´-UTR	 primer	 sense	 2	 (5´-

CTGTGAATAA	 ATCCTTGTTA	 AGTTAAC-3´)	 and	 3´-UTR	 antisense	 2	 (5´-GTAAACACTG	

ACCTCCTGAG	 GTTCCTA-3´);	 part	 III	 3´-UTR	 primer	 sense	 3	 (5´-GTAGGAACCT	

CAGGAGGTCA	 GTGTTTA-3´)	 and	 3´-UTR	 antisense	 3	 (5´-GGGATACAAA	 CCACAATGAA	

CAAT-3´),	part	IV	3´-UTR	primer	sense	4	(5´-CAATTGTTCA	TTGTGGTTTG	TATC-3´)	and	(5´-

GGCAACTAGA	AGGCACAGTC	GATCGATTAT	AGTTAAACAA	CTTTATTAAC	ATAGTCAAGC-3´).	

All	 amplicons	 were	 generated	 using	 the	 Phusion	 High-Fidelity	 PCR	 Kit	 (NEB)	 per	 the	

manufacturer´s	protocol.	The	fragments	were	assembled	stepwise	by	using	the	cold	fusion	

kit	 (SBI)	 and	 cloned	 into	 the	 pFC-CMV-MCS-pA-EF-1-GFP-T2A-Puro-MH1	 BamHI/ClaI	

linearized	backbone	by	cold	fusion.	The	resulting	plasmid	pFC-CMV-TNPO1-pA-EF-1-GFP-

T2A-Puro-MH1	was	verified	by	sequencing.	FL-Control	is	an	empty	vector.	

	

8.	Colony	formation	assay	

Stable	 HeLa	 lines	 expressing	miR-128,	 anti-miR-128,	 scramble	 control,	 shControl,	

shTNPO1,	FL-Control,	or	FL-TNPO1	were	transfected	with	0.5µg	pJM101/L1RP	(containing	

the	neomycin	 resistance	 retrotransposition	 indicator	 cassette)	 per	well	 (6-well)	 using	X-

treme	 gene	 HP	 DNA	 transfection	 reagent	 (06366236001,	 Roche)	 according	 to	 the	
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manufacturer’s	 instructions.	 Cells	 were	 selected	 by	 growth	 in	 medium	 containing	

500µg/mL	G418	 (ant-gn-1,	 Invivogen).	Neomycin-resistant	 colonies	were	 fixed	with	 cold	

1:1	methanol:acetone	then	visualized	using	May-Grunwald	stain	(ES-3410,	Fisher	Sci)	and	

Jenner-Giemsa	 staining	 kits	 (ES-8150,	 Fisher	 Sci)	 according	 to	 the	 manufacturer’s	

protocols.	 Stable	 iPSC	 lines	 expressing	miR-128,	 anti-miR-128	 or	 scramble	 control	 were	

transfected	with	pJM101/L1RP	using	Xtreme	gene	HP	DNA	transfection	reagent	according	

to	 the	 manufacturer’s	 instructions.	 Selection	 began	 with	 25	 µg/mL	 G418	 72hr	 post-

transfection	and	selection	was	maintained	with	daily	media	changes	until	negative	control	

(non-transfected)	cells	died.	Neomycin-resistant	colonies	were	fixed	as	described	above.			

	

9.	Immunofluorescence	

	 Immunofluorescence	 was	 performed	 by	 fixation	 with	 4%	 Paraformaldehyde	

(Sigma),	 blocking	 with	 10%	 goat	 serum	 for	 30	 minutes	 (Gibco)	 then	 incubation	 with	

primary	antibody	for	24	hours;	for	intracellular	staining,	cells	were	blocked	with	10%	goat	

serum		+	Triton.	Cells	were	then	washed	three	times	with	PBS-Tween	(0.01%	Tween-20)	

and	incubated	with	secondary	antibody	for	2	hours.	Cells	were	the	washed	two	times	with	

PBS-Tween,	mounted	with	Vectashield	with	DAPI	 (H-1200,	Vector	Labs)	and	 sealed	with	

nail	polish.	Rabbit	anti-human	L1	ORF1p	antibody	custom	generated	by	Genscript	against	

and	 validated	 by	 ELISA	 was	 used	 at	 1:500.	 TAF15	 antibody	 (IHC-00094,	 Bethyl	

Laboratories)	was	used	at	1:100.				

Live	stain:	StainAlive	TRA-1-60	antibody	conjugated	to	DyLight	488	(#09-0068,	Stemgent)	

and	 StainAlive	 SSEA-4	 antibody	 conjugated	 to	 Dylight	 550	 (#09-0097,	 Stemgent)	 were	

used	 to	 identify	 and	 verify	 iPSCs	 while	 they	 remained	 viable	 in	 culture.	 StainAlive	
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antibodies	were	utilized	 at	 recommended	 concentrations	 (1:100)	 and	validation	of	 these	

antibodies	are	available	on	the	manufacturer	website.	

	

	

10.	Fractionation	

Nuclear	 and	 cytoplasmic	 fractions	were	 isolated	 using	 Protein	 and	 RNA	 Isolation	

System	 or	 PARIS	 kit	 (AM1921,	 ThermoFisher)	 according	 to	 manufacturer	 instructions.	

Both	RNA	and	protein	were	isolated	from	the	same	biological	sample	(shControl,	shTNPO1,	

FL-Control,	 FL-TNPO1)	 and	 used	 for	 qRT-PCR	 and	 corresponding	Western	 blot	 analysis	

respectively.	

	

11.	Argonaute-RNA	Immunopurification	

	 Immunopurification	of	Argonaute	from	HeLa	and	Tera	cell	extracts	was	performed	

using	 the	 4F9	 antibody	 (#sc-53521,	 Santa	 Cruz	 Biotechnology)	 as	 described	 previously	

{Hogan:2014ie}{Macias:2012kh}.	 Briefly,	 10mm	 plates	 of	 80%	 confluent	 cultured	 cells	

were	washed	with	buffer	A	 [20	mM	Tris-HCl	 pH	8.0,	 140	mM	KCl	 and	5	mM	EDTA]	 and	

lysed	in	200ul	of	buffer	2XB	[40	mM	Tris-HCl	pH	8.0,	280	mM	KCl,	10	mM	EDTA,	1%	NP-40,	

0.2%	Deoxycholate,	2X	Halt	protease	inhibitor	cocktail	(Pierce),	200	U/ml	RNaseout	(Life	

Technologies)	 and	 1	 mM	 DTT.	 Protein	 concentration	 was	 adjusted	 across	 samples	 with	

buffer	 B	 [20	mM	 Tris-HCl	 pH	 8.0,	 140	mM	 KCl,	 5	mM	 EDTA	 pH	 8.0,	 0.5%	 NP-40,	 0.1%	

deoxycholate,	 100	 U/ml	 Rnaseout	 (Life	 Technologies),	 1	mM	 DTT	 and	 1X	 Halt	 protease	

inhibitor	 cocktail	 (Pierce)].	 Lysates	were	 centrifuged	 at	 16,000g	 for	 15	mins	 at	 4oC	 and	

supernatants	were	incubated	with	10-20	ug	of	4F9	antibody	conjugated	to	epoxy	magnetic	
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beads	 (M-270	 Dynalbeads,	 Life	 Technologies)	 for	 2	 hours	 at	 4oC	 with	 gentle	 rotation	

(Nutator).	 The	 beads,	 following	 magnetic	 separation,	 were	 washed	 three	 times	 for	 five	

mins	with	2	ml	of	buffer	C	[20	mM	Tris-HCl	pH	8.0,	140	mM	KCl,	5	mM	EDTA	pH	8.0,	40	

U/ml	 Rnaseout	 (Life	 Technologies),	 1	 mM	 DTT	 and	 1X	 Halt	 protease	 inhibitor	 cocktail	

(Pierce)].	 Following	 immunopurification,	 RNA	 was	 extracted	 using	 miRNeasy	 kits	

(QIAGEN),	following	the	manufacturer’s	recommendations	and	qPCR	was	performed	using	

commercially	available	Taqman	assays	for	GAPDH	and	the	let-7	miRNA	as	well	as	custom	

probes/primers	for	the	L1	mRNA	transcript.	Results	were	normalized	to	their	inputs	or	to	

let-7	miRNA	as	a	proxy	for	Ago	immunopurification	efficiency.	

	

12.	Luciferase	binding	assay	

Wild-type	L1,	mutated	L1,	or	positive	control	 (See	Methods	and	Materials	 chapter	

for	sequences)	sequences	were	cloned	into	dual-luciferase	reporter	plasmid	(pEZX-MT05,	

Genecopoeia).	 3x105	 HeLa	 cells	 were	 transfected	 with	 0.8µg	 of	 reporter	 plasmid	 (WT,	

mutated,	 Pos)	 and	 20nM	 miR-128	 mimic	 (Dharmacon)	 or	 Control	 mimic	 (Dharmacon)	

using	 Attractene	 transfection	 reagent	 (301005,	 Qiagen)	 according	 to	 the	manufacturer’s	

instructions.	Relative	Gaussia	Luciferase	and	SEAP	was	determined	using	Secrete-Pair	Dual	

Luminescence	 Assay	 Kit	 (SPDA-D010,	 Genecopoeia).	 Luminescence	 was	 detected	 by	 a	

Tecan	Infinite	F200	Pro	microplate	reader. 

	

13.	HIV	luciferase	reporter	

	 HIV-1	 luciferase	 reporter	 constructs	 pNL4-3LucR-E-,	 pNL4-3	 N74D	 LucR-E-	 and	

VSV-G	 expression	 vector	 pMD.G	 were	 generous	 gifts	 from	 Dr.	 Vineet	 KewalRamani’s	
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laboratory	at	the	National	Cancer	Institute.	Adherent	cells	were	plated	at	1x105	per	well	of	

a	24-well	plate,	cultured	for	24	hours	and	infected	with	high-titer	pNL4-3LucR-E-	or	pNL4-

3	N74D	LucR-E-	HIV	 (5µl).	 48-hours	post-infection,	 cells	were	washed	once	with	1X	PBS	

and	 lysed	 using	 passive	 lysis	 buffer	 (E1941,	 Promega).	 Lystates	 were	 centrifuged	 at	

12,000xg	 for	 15	 seconds	 and	 supernatant	was	 used	 to	 determined	 luciferase	 expression	

(E1500,	Promega)	and	protein	concentration	(BCA	assay,	Pierce).	HIV	 luciferase	reporter	

assays	 in	 suspension	 cells	 were	 performed	 the	 same	way	 as	 adherent	 cells,	 except	 cells	

were	infected	at	the	same	time	as	plating	rather	than	waiting	for	24	hours.		

	

14.	CD4+	T-cell	isolation	and	activation	

	 Whole	blood	was	collected	from	healthy	donors	and	Peripheral	Blood	Mononuclear	

Cells	(PBMCs)	were	isolated	by	centrifugation	through	a	Ficoll	gradient,	washed	1X	in	PBS	

and	 resuspended	 in	RPMI	1640.	 CD4+	T	 cells	were	 isolated	using	Dynabeads	Untouched	

Human	T	Cells	Kit	(11344D,	ThermoFisher)	according	to	the	manufacturer’s	 instructions.	

CD4+	T	cells	were	then	activated	with	Dynabeads	Human	T-Activator	CD3/CD28	(11161D,	

ThermoFisher)	 according	 to	 the	manufacturer’s	 instructions.	 Stimulation	 of	 CD4+	T	 cells	

was	accomplished	by	adding	30IU/mL	recombinant	IL-2	(PHC0026,	ThermoFisher).		

	

15.	Induced	pluripotent	stem	cell	(iPSC)	reprogramming	

iPSCs	 were	 generated	 from	 human	 foreskin	 fibroblasts	 (early-passage	 hBJ,	

discontinued,	 Stemgent)	 using	 an	 mRNA	 Reprogramming	 Kit	 (#00-0071,	 Stemgent)	 in	

combination	 with	 a	 microRNA	 Booster	 Kit	 (#00-0073,	 Stemgent);	 resulting	 iPSCs	 are	
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known	as	RNA-iPSCs.	hBJ	cells	were	plated	at	a	density	of	5x104	cells	per	well	of	a	6-well	

Matrigel-coated	plate	(#354277,	Corning)	and	incubated	at	37˚C	and	5%	CO2	for	24	hours	

before	 decreasing	 the	 oxygen	 tension	 from	 ambient	 to	 5%	 before	 beginning	 the	

transfection	 schedule.	 Throughout	 the	 protocol,	media	was	 changed	 daily	 using	 Pluriton	

(#00-0070,	 Stemgent)	 pre-conditioned	 with	 inactivated	 (gamma	 irradiated)	 Newborn	

Human	Foreskin	Fibroblasts	 (GSC-3006G,	GlobalStem)	 containing	300ng/mL	B18R	 (#34-

8185,	eBiosciences)	and	1X	Pluriton	supplement	(stock	2500X).	All	RNA	transfections	were	

carried	 out	 using	 Stemfect	 Transfection	 Kit	 (#00-0069,	 Stemgent).	 On	 day	 0	 of	

reprogramming,	70	pmol	of	miR	cocktail	was	transfected	 into	the	hBJ	cells.	1µg	of	mRNA	

cocktail	 (Oct4,	Sox2,	Klf4,	 c-Myc,	Lin28,	nGFP	at	a	3:1:1:1:1:1	Stoichiometry	respectively)	

was	transfected	on	day	1-3.	On	day	4,	miR	and	mRNA	cocktails	were	co-transfected.	Daily	

mRNA	cocktail	transfections	continued	from	day	5-11.	The	appearance	of	the	first	colonies	

averaged	 from	 10-14	 days.	 RNA-iPSCs	 were	 maintained	 in	 Nutristem	 (#01-0005,	

Stemgent).						    

	

16.	Derepression	LINE-1	anti-miR	library	screen	

	 HeLa	 cells	 were	 transduced	 with	 miRZip	 Virus	 Library	 (MZIPPLVA,	 System	

Biosciences),	selected	with	Puromycin	and	split	to	single	cell	dilutions.	Luciferase	reporter	

plasmids	pWA355	(50µg)	as	well	as	the	normalization	plasmid	pGL4.74	(renilla	luciferase)	

were	transfected	using	FuGENE	HD	(E2311,	Promega)	and	results	were	read	on	a	GloMax-

multi	reader	(Promega)	using	Dual-Glo	Luciferase	assay	system	(E2940,	Promega).	
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17.	Immunoprecipitation	

	 Transfected	 cells	 were	 lysed	 in	 RIPA	 buffer	 +	 Protease	 inhibitors	 on	 ice	 for	

15minutes.	 Lysate	 was	 cleared	 by	 centrifuging	 at	 13,000	 rpm	 (max	 speed	 tabletop	

centrifuge)	for	15minutes	at	4˚C.	Supernatant	was	collected	and	a	portion	was	reserved	as	

“INPUT”	 (IN)	 for	Western	analysis.	Remaining	 IP	was	mixed	with	protein	G	beads	 (NEB)	

and	5µg	of	anti-HA	antibody	and	 incubated	on	a	 rotator	 for	24	hours	at	4˚C.	Beads	were	

separated	using	a	magnetic	rack	and	washed	four	times	with	PBS.	Beads	were	then	boiled	

for	 5	 minutes	 at	 95˚C	 in	 4X	 Protein	 Loading	 Dye	 (+SDS).	 Beads	 were	 separated	 and	

supernatant	containing	the	immunoprecipitated	proteins	was	used	for	Western	analysis.		

	

18.	DGCR8	-/-	screen	

	 Mouse	embryonic	stem	cells	(mES)	were	a	kind	gift	from	Robert	Blelloch	(UCSF).	To	

screen	 for	 genes	 repressed	 by	miR-128,	 one	well	 of	 a	 6-well	 plate	 containing	mES	were	

transiently	 transfected	 with	 100pmol	 of	 miR-128	 or	 miR	 control	 mimics	 using	

Dharmafect1	(in	triplicate).	mES	were	isolated	12	hours	post-transfection	and	collected	in	

Trizol.	 RNA	was	 then	 isolated	 and	RNA-seq	was	 performed	 in	 collaboration	with	 the	Ali	

Mortazavi	lab.					

19.	Primers	and	Plasmids	

Sequence	 Description	 Publication	

GCGATCAAGCAGCGACTA	 FORWARD	Oct4	RT-PCR	 L1	
TTCACCTTCCCTCCAACC	 REVERSE	Oct4	RT-PCR	 L1	
AAAGGCAAACAACCCACT	 FORWARD	Nanog	RT-PCR	 L1	
GCTATTCTTCGGCCAGTT	 REVERSE	Nanog	RT-PCR	 L1	
AGCCAAGCCACTACATTC	 FORWARD	Lin28	RT-PCR	 L1	



	 176	

AGATACGTCATTCGCACA	 REVERSE	Lin28	RT-PCR	 L1	
CCCTGTGGTTACCTCTTCC	 FORWARD	Sox2	RT-PCR	 L1	
CTCCCATTTCCCTCGTTT	 REVERSE	Sox2	RT-PCR	 L1	
TGCTGCTCACAGGGCCCGACG	 FORWARD	Dnmt3B	RT-PCR	 L1	
TCCTTTCGAGCTCAGTGCACC	 REVERSE	Dnmt3B	RT-PCR	 L1	
AAGCCCAAGAACAGCCTAGTG	 FORWARD	FoxD3	RT-PCR	 L1	
GGGTCCAGGGTCCAGTAGTTG	 REVERSE	FoxD3	RT-PCR	 L1	
AAGTTCCTGCACTGGCTGATG	 FORWARD	Tert	RT-PCR	 L1	
CTGTCTGATTCCAATGCTTTG		 REVERSE	Tert	RT-PCR	 L1	
TGAACCTCAGCTACAAACAG	 FORWARD	Nanog	qRT-PCR	 L1	
TGGTGGTAGGAAGAGTAAAG	 REVERSE	Nanog	qRT-PCR	 L1	
CCCAGCAGACTTCACATGT	 FORWARD	Sox2	qRT-PCR	 L1	
CCTCCCATTTCCCTCGTTTT	 REVERSE	Sox2	qRT-PCR	 L1	
CCTCACTTCACTGCACTGTA	 FORWARD	Oct4	qRT-PCR	 L1	
CAGGTTTTCTTTCCCTAGCT	 REVERSE	Oct4	qRT-PCR	 L1	
GGGTGGAGAGTTCTGTAGATGTC	 REVERSE	for	RT	of	L1	transcript	 L1,	TNPO1,	

hnRNPA1	
AGAGAGCAGTGGTTCTCCCAGCA
CG	

FORWARD	L1	5'UTR	qRT-PCR	 L1	

CTGTTGGAATACCCTGCCGTGTGA
G	

REVERSE	L1	5'UTR	qRT-PCR	 L1	

GCAGTTCCTCACCAGCAACAGAAC
A	

FORWARD	L1	ORF1	qRT-PCR	 L1	

GCCTTTGGTTTGAATGTCCTCCCG	 REVERSE	L1	ORF1	qRT-PCR	 L1	
TATTCAGGAAACCCATCTCACGTG
C	

FORWARD	L1	ORF2	qRT-PCR	 L1,	TNPO1,	
hnRNPA1	

GGGTGCTCCTGTATTGGGTGCAT
AA	

REVERSE	L1	ORF2	qRT-PCR	 L1,	TNPO1,	
hnRNPA1	

ATGTCTCGCTCCGTGGCCTTAGCT	 FORWARD	B2m	qRT-PCR	 L1,	TNPO1,	
TNPO3,	
hnRNPA1	

TGGTTCACACGGCAGGCATACTC
AT	

REVERSE	B2m	qRT-PCR	 L1,	TNPO1,	
TNPO3,	
hnRNPA1	

GGTGGTCTCCTCTGACTTCAA	 FORWARD	GAPDH	qRT-PCR	
	
	

L1,	TNPO1,	
TNPO3,	
hnRNPA1	

GTTGCTGTAGCCAAATTCGTT	 REVERSE	GAPDH	qRT-PCR	
	

L1,	TNPO1,	
TNPO3,	
hnRNPA1	
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TCTGCATTTCCATCTGAGGTACCG
G	

FORWARD	L1	5'UTR	qiagen	miRscript	II	
qRT-PCR	

L1	

CGTCACCCCTTTCTTTGACTCGGA
A	

REVERSE	L1	5'UTR	qiagen	miRscript	II	
qRT-PCR	

L1	

TGGAAACTCTAAAACGCAGAGCG
CC	

FORWARD	L1	ORF1	qiagen	miRscript	II	
qRT-PCR	

L1	

GCCTTTGGTTTGAATGTCCTCCCG	 REVERSE	L1	ORF1	qiagen	miRscript	II	qRT-
PCR	

L1	

CAAAAAAAGGCAGGGGTTGCAAT
CC	

FORWARD	L1	ORF2	qiagen	miRscript	II	
qRT-PCR	

L1	

TGGGTGCTCCTGTATTGGGTGCAT
A	

REVERSE	L1	ORF2	qiagen	miRscript	II	qRT-
PCR	

L1	

ATGTCTCGCTCCGTGGCCTTAGCT	 FORWARD	B2m	qiagen	miRscript	II	qRT-
PCR	

L1	

TGTCGGATGGATGAAACCCAGAC
AC	

REVERSE	B2m	qiagen	miRscript	II	qRT-PCR	 L1	

GTGAACCGTCAGATCTCTAGAAG
C	

FORWARD	short	backbone	sequence	in	
PJM101/L1RP,	PL1-L1RP	and	PL1-miR-128	
mutant	

L1	

TAGCAAGCTTGCTAGCAGCTG	 REVERSE	short	backbone	sequence	in	
PJM101/L1RP,	PL1-L1RP	and	PL1-miR-128	
mutant	

L1	

AACTCACCGCGACGTCTGTCGAG
A	

FORWARD	Hygromycin	gene	on	
PJM101/L1RP	

L1	

GCCCTCCTACATCGAAGCTGAAAG
C	

REVERSE	Hygromycin	gene	on	
PJM101/L1RP	

L1	

AATTCAAAAGAACAGAAATTATA
ACAAACTATCTCTCAGACCACAGT
GCAATCAAACTAGAACTCAGGATT
AAGAATCTA	

FORWARD	L1	ORF2	binding	site	of	miR-
128	cloned	into	pEZX-MT05	used	in	
luciferase	binding	assay	

L1	

CTAGTAGATTCTTAATCCTGAGTT
CTAGTTTGATTGCACTGTGGTCTG
AGAGATAGTTTGTTATAATTTCTG
TTCTTTTG	

REVERSE	L1	ORF2	binding	site	of	miR-128	
cloned	into	pEZX-MT05	used	in	luciferase	
binding	assay	

L1	

AATTCAAAAGAACAGAAATTATA
ACAAACTATCTCTCAGACTAGATC
GCAATCAAACTAGAACTCAGGATT
AAGAATCTA	

FORWARD	L1	ORF2	silent	mutation	
binding	site	of	miR-128	cloned	into	pEZX-
MT05	used	in	luciferase	binding	assay	

L1	

CTAGTAGATTCTTAATCCTGAGTT
CTAGTTTGATTGCGATCTAGTCTG
AGAGATAGTTTGTTATAATTTCTG
TTCTTTTG	

REVERSE	L1	ORF2	silent	mutation	binding	
site	of	miR-128	cloned	into	pEZX-MT05	
used	in	luciferase	binding	assay	

L1	
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AATTCAAAGAGACCGGTTCACTGT
GAA	

FORWARD	positive	control	cloned	into	
pEZX-MT05	used	in	luciferase	binding	
assay	

L1,	TNPO1,	HIV	
TNPO3,	

CTAGTTCACAGTGAACCGGTCTCT
TTG	

REVERSE	positive	control	cloned	into	
pEZX-MT05	used	in	luciferase	binding	
assay	

L1,	TNPO1,	HIV	
TNPO3	

000377,	Cat.#	4427975	 FORWARD	let-7a	qRT-PCR	Ago-RIP	
(TaqMan	MicroRNA	Assay,	LifeTech)	

L1	

000377,	Cat.#	4427975	 REVERSE	let-7a	qRT-PCR	Ago-RIP	
(TaqMan	MicroRNA	Assay,	LifeTech)	

L1	

Hs.PT.39a.22214836	 FORWARD	GAPDH	qRT-PCR	Ago-RIP	
(PrimeTime	qPCR	Assay,	IDT)	

L1	

Hs.PT.39a.22214836	 REVERSE	GAPDH	qRT-PCR	Ago-RIP	
(PrimeTime	qPCR	Assay,	IDT)	

L1	

GAAGCTCGAACTGGGTGGAG	 FORWARD	RT-qPCR	Full	Length	L1	RNA	 L1	
CCCAGAGTGTGATATTCCCC	 REVERSE	RT-qPCR	Full	Length	L1	RNA	 L1	
TGTCTCGCTCCGTGGCCTTA	 FORWARD	RT-qPCR	B2M	RNA	 L1	
TGTGGAGCAACCTGCTCAGA	 REVERSE	RT-qPCR	B2M	RNA	 L1	
TTGCACAAGCCATGCTAAAC	 FORWARD	TNPO1	qRT-PCR	 TNPO1	
GGTCACCTAACAGGGCAAAA	 REVERSE	TNPO1	qRT-PCR	 TNPO1	
GGTGGTCTCCTCTGACTTCAA	 FORWARD	GAPDH	qRT-PCR	 TNPO1	
GTTGCTGTAGCCAAATTCGTT	 REVERSE	GAPDH	qRT-PCR	 TNPO1	
TTTGGTTGGTTATTTCCCAAA	 FORWARD	TNPO1	miR-128	binding	site	

qRT-PCR	
TNPO1	

TGCAATTTAAGCAATTCAGATCA	 REVERSE	TNPO1	miR-128	binding	site	
qRT-PCR	

TNPO1	

AATTCTGTAATTAACATTGATAAA
CACTGTGATTTTTTTGGTTAAGAC
TT	

FORWARD	TNPO1	binding	site	#1	of	miR-
128	cloned	into	pEZX-MT05	used	in	
luciferase	binding	assay	

TNPO1	

CTAGAAGTCTTAACCAAAAAAATC
ACAGTGTTTATCAATGTTAATTAC
A	

REVERSE	TNPO1	binding	site	#1	of	miR-
128	cloned	into	pEZX-MT05	used	in	
luciferase	binding	assay	

TNPO1	

AATTCTGTAATTAACATTGATAAA
CACTAAAATTTTTTTGGTTAAGAC
TT	

FORWARD	TNPO1	mutation	binding	site	
#1	of	miR-128	cloned	into	pEZX-MT05	
used	in	luciferase	binding	assay	

TNPO1	

CTAGAAGTCTTAACCAAAAAAATT
TTAGTGTTTATCAATGTTAATTAC
A	

REVERSE	TNPO1	mutation	binding	site	#1	
of	miR-128	cloned	into	pEZX-MT05	used	
in	luciferase	binding	assay	

TNPO1	

AATTCCATGTGTATTTTCTTATATA
CTGTGAATGTGAAAACCTAACTG
GT	

FORWARD	TNPO1	binding	site	#2	of	miR-
128	cloned	into	pEZX-MT05	used	in	
luciferase	binding	assay	

TNPO1	



	 179	

CTAGACCAGTTAGGTTTTCACATT
CACAGTATATAAGAAAATACACAT
G	

REVERSE	TNPO1	binding	site	#2	of	miR-
128	cloned	into	pEZX-MT05	used	in	
luciferase	binding	assay	

TNPO1	

AATTCCAGTCTGGATTCCTTCCGT
ACTGTGAACCTGTGTATCAGCGTT
GT	

FORWARD	TNPO1	binding	site	#3	of	miR-
128	cloned	into	pEZX-MT05	used	in	
luciferase	binding	assay	

TNPO1	

CTAGACAACGCTGATACACAGGTT
CACAGTACGGAAGGAATCCAGAC
TG	

REVERSE	TNPO1	binding	site	#3	of	miR-
128	cloned	into	pEZX-MT05	used	in	
luciferase	binding	assay	

TNPO1	

CCGGAGTACTCAGACATAGATATT
ACTCGAGTAATATCTATGTCTGAG
TACTTTTTTG	

FORWARD	shTNPO1	cloned	into	pLKO	 TNPO1	

AATTCAAAAAAGTACTCAGACATA
GATATTACTCGAGTAATATCTATG
TCTGAGTACT	

REVERSE	shTNPO1	cloned	into	pLKO	 TNPO1	

CAAGGCTGTTAGAGAGATAATTG
GA	

Sequencing	primer	pLKO	 TNPO1	

CTGTTTGCAGCTGACATGATTGTT
TATC		

FORWARD	Q5	SDM	for	PJM	RT-	(D702A)	 TNPO1	

GGACAATTTGACTTCCTCTTTTC		 REVERSE	Q5	SDM	for	PJM	RT-	(D702A)	 TNPO1	

TTTAAACTTAAGCTTGGTACCGGT
GGATCCGCCACCATGGAGTATGA
GTGGAAACCTGAC	

FORWARD		amplification	of	TNPO1	gene	 TNPO1	

GATTAAACACCATAAAAAGCTGC
A		

REVERSE		amplification	of	TNPO1	gene	 TNPO1	

GGAAGGGTAA	ACCAGTAGGG	
AATA	

FORWARD	cloning	FL-TNPO1	fragment	1	 TNPO1	

GGGTTAACTTAACAAGGATTTATT
CAC	

REVERSE	cloning	FL-TNPO1	fragment	1	 TNPO1	

CTGTGAATAAATCCTTGTTAAGTT
AAC	

FORWARD	cloning	FL-TNPO1	fragment	2	 TNPO1	

GTAAACACTGACCTCCTGAGGTTC
CTA	

REVERSE	cloning	FL-TNPO1	fragment	2	 TNPO1	

GTAGGAACCTCAGGAGGTCAGTG
TTTA	

FORWARD	cloning	FL-TNPO1	fragment	3	 TNPO1	

GGGATACAAACCACAATGAACAA
T	

REVERSE	cloning	FL-TNPO1	fragment	3	 TNPO1	

CAATTGTTCATTGTGGTTTGTATC	 FORWARD	cloning	FL-TNPO1	fragment	4	 TNPO1	
GGCAACTAGAAGGCACAGTCGAT
CGATTATAGTTAAACAACTTTATT
AACATAGTCAAGC	

REVERSE	cloning	FL-TNPO1	fragment	4	 TNPO1	
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GCCTAAGATCTAGGTACCACCATG
GGGAAAAAACAGAACAGAAAAA
C	

FORWARD	L1	ORF1p-HA	 TNPO1	

GTATCTTATCATGTCTGGCCAGCT
AGCTTAGGCGTAGTCGGGCACGT
CGTAGGGGTAGCCCATTTTGGCA
TGATTTTGCAGCG	

REVERSE	L1	ORF1p-HA	 TNPO1	

	 	 	

TCTCCTAAAGAGCCCGAACA	 FORWARD	hnRNPA1	seed	sequence	qRT-
PCR	

hnRNPA1	

TTGCATTCATAGCTGCATCC	 REVERSE	hnRNPA1	seed	sequence	qRT-
PCR	

hnRNPA1	

aagcaattttggaggtggtg	 FORWARD	hnRNP	A1	qRT-PCR	 hnRNPA1	

atagccaccttggtttcgtg	 REVERSE	hnRNP	A1	qRT-PCR	 hnRNPA1	

GGCTACGGAGGTGGTTATGA	 FORWARD	hnRNP	A2B1	qRT-PCR	 hnRNPA1	

ATAACCCCCACTTCCTCCAC	 REVERSE	hnRNP	A2B1	qRT-PCR	 hnRNPA1	

AACCCACCCCCAAACTAAAC	 FORWARD	hnRNP	K	qRT-PCR	 hnRNPA1	

GATGGAATTTCTTCCCAGCA	 REVERSE	hnRNP	K	qRT-PCR	 hnRNPA1	

CTTTTCGATCCGGGACGG	 FORWARD	hnRNP	L	qRT-PCR	 hnRNPA1	

AGAAGCACACTGTTCACGCT	 REVERSE	hnRNP	L	qRT-PCR	 hnRNPA1	

CAAATCTCCTCAGCCACCTG	 FORWARD	hnRNP	U	qRT-PCR	 hnRNPA1	

TTTTGAAGGCAACGCCAAGAT	 REVERSE	hnRNP	U	qRT-PCR	 hnRNPA1	

CCGGACCCATGAAGGGAGGAAAT
TTCTCGAGAAATTTCCTCCCTTCAT
GGGTTTTTTG	

FORWARD	shHNRNP	A1	cloned	into	pLKO	 hnRNPA1	

AATTCAAAAAACCCATGAAGGGA
GGAAATTTCTCGAGAAATTTCCTC
CCTTCATGGGT	

REVERSE	shHNRNP	A1	cloned	into	pLKO	 hnRNPA1	

AATTCTTGGGTTTGTCACATATGC
CACTGTGGAGGAGGTGGATGCAG
CTA	

FORWARD	hnRNP	A1	WT	luciferase	
binding	assay	

hnRNPA1	
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CTAGTAGCTGCATCCACCTCCTCC
ACAGTGGCATATGTGACAAACCC
AA	

REVERSE	hnRNP	A1	WT	luciferase	binding	
assay	

hnRNPA1	

AATTCTTGGGTTTGTCACATATGC
CCTTATGGAGGAGGTGGATGCAG
CTA	

FORWARD	hnRNP	A1	Mutant	luciferase	
binding	assay	

hnRNPA1	

CTAGTAGCTGCATCCACCTCCTCC
ATAAGGGCATATGTGACAAACCC
AA	

REVERSE	hnRNP	A1	Mutant	luciferase	
binding	assay	

hnRNPA1	

ACCAATCCCATTGTGGAAAA	 FORWARD	TNPO3	qRT-PCR	 TNPO3	

CCTACACAGCGAACAGCAAA	 REVERSE	TNPO3	qRT-PCR	 TNPO3	

AATTCCTGCTAGACATGCTCCAGG
CACTGTGCATCCCCACCTTTCAGC
TC	

FORWARD	TNPO3	WT	#1	CDS	luciferase	
binding	assay	

TNPO3	

CTAGGAGCTGAAAGGTGGGGAT
GCACAGTGCCTGGAGCATGTCTA
GCAG	

REVERSE	TNPO3	WT	#1	CDS	luciferase	
binding	assay	

TNPO3	

AATTCTCGATAGCTCACACTCCTG
CACTGTGCCTGTCACCCAGGAATG
TC	

FORWARD	TNPO3	WT	#2	3'UTR	luciferase	
binding	assay	

TNPO3	

CTAGGACATTCCTGGGTGACAGG
CACAGTGCAGGAGTGTGAGCTAT
CGA	

REVERSE	TNPO3	WT	#2	3'UTR	luciferase	
binding	assay	

TNPO3	

AATTCCTGCTAGACATGCTCCAGG
CGCTAGTCATCCCCACCTTTCAGC
TC	

FORWARD	TNPO3	Mutant	#1	CDS	
luciferase	binding	assay	

TNPO3	

CTAGGAGCTGAAAGGTGGGGAT
GACTAGCGCCTGGAGCATGTCTA
GCAG	

REVERSE	TNPO3	Mutant	#1	CDS	
luciferase	binding	assay	

TNPO3	

AATTCTCGATAGCTCACACTCCTG
TATGACACCTGTCACCCAGGAATG
TC	

FORWARD	TNPO3	Mutant	#2	3'UTR	
luciferase	binding	assay	

TNPO3	

CTAGGACATTCCTGGGTGACAGG
TGTCATACAGGAGTGTGAGCTAT
CGA	

REVERSE	TNPO3	Mutant	#2	3'UTR	
luciferase	binding	assay	

TNPO3	

Plasmid	name	 Description	 Publication	

pJM101/L1RP	 Contains	full-length	human	RC-L1	(L1.3)	
with	a	Neomycin	retrotransposition	
indicator.	

L1,	TNPO1,	
hnRNP	A1	
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pL1-L1RP	 L1RP	with	shortened	backbone	and	intact	
Neomycin	retrotransposition	indicator.		

L1,	TNPO1,	
hnRNP	A1	

pL1-miR-128	mutant	 Same	as	pL1-L1RP	with	silent	mutation	in	
seed	sequence	of	miR-128	on	L1	

L1,	TNPO1,	
hnRNP	A1	

pmZIP	 Encodes	anti-mIR	library	packaged	into	
pooled	lentiviruses	(SBI)	

L1,	TNPO1,	
hnRNP	A1,	
TNPO3	

pmIR-hsa-miR-128	 Contains	miR-128	used	to	generate	high	
titer	virus.	Derived	from	pmZIP	

L1,	TNPO1,	
hnRNP	A1,	
TNPO3	

pmIR-anti-hsa-miR-128	 Contains	anti-miR-128	used	to	generate	
high	titer	virus.	Derived	from	pmZIP	

L1,	TNPO1,	
hnRNP	A1,	
TNPO3	

pWA355	 Contains	full-length	human	RC-L1	(L1.3)	
with	a	Renilla	Luciferase	
retrotransposition	indicator.	Derived	
from	pJM101/L1RP	

L1	

pMD2-G	 Contains	VSV-G	envelope	gene.	 L1,	TNPO1,	
hnRNP	A1,	
TNPO3	

pCMV-dR8.2	dvpr	 Contains	gag/pol	genes	used	to	generate	
high	titer	lentivirus.	

L1,	TNPO1,	
hnRNP	A1,	
TNPO3	

pEZX-MT05	 Dual	luciferase	reporter,	miR	binding	
(Genecopoeia)	

L1,	TNPO1,	
hnRNP	A1,	
TNPO3	

pSport6	(TNPO1)	 TNPO1	cDNA	(dharmacon,	MHS6278-
202757506)	

TNPO1	

pLenti	(hnRNP	A1)	 hnRNP	A1	cDNA	(RC203314L1,	Origene)	 hnRNP	A1	

pNL4-3LucR-E-	 Single	cycle	WT	HIV-1	luciferase	reporter	 TNPO3	

pNL4-3	N74D	LucR-E-	 Single	cycle	WT	HIV-1	luciferase	reporter	
(N74D	mutation	in	capsid)	

TNPO3	
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