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Spontaneous gene correction by interhomolog recombination (IHR) occasionally occurs 
to ameliorate genetic diseases of blood and skin1-3.  Using an engineered endogenous gene as 
a reporter, we demonstrate that gene correction by IHR is normally infrequent (≤0.02%) but is 
stimulated by DSBs targeted by CRISPR/Cas9 to both homologous chromosomes; reaching 
frequencies of 0.5%.  We further show that depletion of POLQ stimulates IHR frequencies 4-
fold, to 2%, and promotes IHR in G2 phase, when recombination between replicated homologs 
can correct not only compound heterozygous but also autosomal dominant “gain-of-function” 
mutations, which present a special challenge for gene therapy.  The strategies reported here will 
enable optimization of IHR for gene therapy in a variety of cell types.  Advantages include the 
ability to correct gain-of-function mutations, no need for an exogenous donor, and the potential 
to limit damage to coding sequence by targeting IHR to introns. 
 
In order to systematically quantify and optimize IHR, we engineered the endogenous CD44 
gene in human HT1080 cells to report on IHR events by flow cytometry.  HT1080 cells provide 
an appropriate model as they express functional P53, maintain a diploid karyotype in culture4, 5, 
and their high cloning efficiency simplifies molecular analysis of recombinants.  The CD44 gene, 
which contains 18 exons and spans 94 kb on chromosome 11p, was modified to derive a robust 
and readily generalizable reporter by targeted mutation of exon 1 on one allele and exon 17 on 
the other (Fig. 1a, top).  CD44 encodes a cell surface glycoprotein expressed by most cells.  
Cells that express functional protein (sCD44+) can be scored by flow cytometry after staining 
with commercial antibody.  Crossover recombination at sites between the mutations in exons 1 
and 17 in the engineered HT1080-K1 CD44-/- line generates sCD44+ cells with two distinct 
genotypes (Fig. 1a, below).  IHR resulting in reciprocal exchange of genetic information will 
generate one homolog with no mutations and another with two mutations (left).  IHR resulting in 
copy-neutral loss of heterozygosity (LOH) will substitute correct sequence for the telomere  
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Figure	1	Correction	 of	mutations	 by	IHR	at	targeted	DSBs.
(a)		Above,	diagram	of	the	two	alleles	of	the	engineered	CD44	gene	in	CD44-/- HT1080	derivatives,	mutant	in	exon	1	(red)	or	
17	(gold).
Below:		Homologs	generated	 following	IHR	that	results	in	reciprocal	 exchange	(left)	or	copy-neutral	 LOH	of	sequences	
telomeric to	the	recombination	 site	(right).
(b)		Map	of	naturally-occurring	 gRNA	sites	B,	F,	E	and	S	(arrowheads)	present	 on	both	alleles	of	the	engineered	CD44-/- gene	
in	HT1080-K1	cells.	
(c)		Representative	 flow	cytometry	analysis	of	HT1080-K1	populations	 targeted	by	Cas9	and	no	gRNA,	or	gRNA	S	that	targets	
CD44	intron	 7.		Fraction	 of	sCD44+	cells	in	boxed	gates.
(d)		Frequencies	of	IHR	in	HT1080-K1	cells	in	which	DSBs	were	targeted	 to	intronic sites	in	both	homologs	by	gRNAs	B,	F,	E	
and	S.		Control	 cells	transfected	with	 expression	 constructs	 for	gRNA	but	not	Cas9.		IHR	frequencies	 are	shown	as	mean	and	
standard	error	 of	the	mean	(SEM,	n≥5);	**	indicate	 significant	difference	 from	the	corresponding	 no	Cas9	control	 (p<1x10-3).
(e)		Map	of	gRNA	sites	(arrowheads)	 present	on	only	a	single	homolog	(upper,	 red;	lower,	 gold)	in	the	engineered	 CD44-/-
gene	in	HT1080-K2	cells.	
(f)		Frequencies	of	IHR	in	HT1080-K2	cells	in	which	IHR	was	initiated	 by	DSBs	targeted	to	a	site	on	only	one	homolog;	or	to	
offset	sites	on	both	 homologs.		IHR	frequencies	 are	corrected	 for	transfection	 efficiency	and	shown	as	mean	and	SEM	(n≥3);	*	
and	**	indicate	significant	 difference	 from	no	gRNA	control	 (p<0.05	and	p<10-5,	 respectively).
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proximal mutation in exon 1 in one daughter cell (right).  This outcome of IHR, which can 
correct autosomal dominant (“gain of function”) mutations as illustrated in Supplementary Fig. 
1, was quantified by RFLP analysis of sCD44+ recombinants. 

The frequency of sCD44+ cells detected by flow cytometry in normally proliferating 
cultures of engineered CD44-/- HT1080-K1 cells was <0.005%.  We tested the ability of 
targeted DSBs to stimulate IHR by transfection with constructs expressing Cas9 and gRNAs B, 
F, E or S that direct cleavage to naturally-occurring intronic sites on both homologs of the CD44 
gene (Fig. 1b).  Targeted DSBs stimulated IHR to generate a sCD44+ cell population readily 
scored by flow cytometry (e.g. Fig. 1c).  Correcting for transfection efficiency (30%), frequencies 
of IHR at targeted DSBs ranged from 0.38-0.56%, significantly above the background in control 
populations expressing only gRNA (p<4 x 10-4; Fig. 1d).  Analysis of junctions from sCD44+ 
recombinants identified indels at 27/29, consistent with use of an end-joining pathway. 

In order for IHR to proceed by reciprocal end-joining DSBs must be targeted to both 
homologs.  In contrast, a DSB targeted to a single homolog will be sufficient to initiate 
homologous recombination.  To distinguish these pathways, intron 1 of the CD44 gene was 
engineered to carry target sites unique to individual homologs, generating the HT1080-K2 
derivative which carries cleavage sites M, W, X and V on one allele and Y and Z on the other 
(Fig. 1e).  DSBs targeted to only a single homolog (by gRNAs M, V, W, X, Y or Z) did not 
stimulate IHR to reach frequencies significantly different than frequencies observed in the 
absence of gRNA (p>0.1; Fig. 1f).  In contrast, DSBs targeted to different sites on the two 
homologs (“offset” rather than “aligned” sites) stimulated IHR to reach frequencies in the range 
of 0.23-0.60%, significantly above frequencies at DSBs targeted to a single homolog (p<0.03; 
Fig. 1f).  Frequencies were comparable at offset DSBs separated by as little as 3 bp (gRNAs 
W+Y, W+Z, X+Y and X+Z) and by as much as 0.6 kb (by gRNA pairs M+Y or M+Z) or 3.5 kb (by 
gRNA pair V+Y or V+Z).  IHR initiated by offset DSBs is predicted to generate clones in which 
the region flanked by the DSBs is deleted in one homolog and has undergone duplication in the 
other (Supplementary Fig. 2).  PCR amplification of recombination junctions in individual 
sCD44+ recombinants resulting from IHR initiated by gRNAs M and Y, which cleave at sites 
offset by 0.6 kb, identified clones carrying these predicted deletions/tandem duplications, as well 
as clones in which the amplified region was the size of the parental DNA, as predicted for 
products of homologous recombination, in a ratio of approximately 5:1. 

RFLP analysis showed that frequencies of LOH in exon 1 were similar among 
recombinants initiated by aligned and offset DSBs [5.8% (6 of 104) and 4.6% (4/88), 
respectively.  RFLP analysis of SNPs rs85074 and rs7950932, which map 3.1 and 33.2 Mb 
telomeric of CD44, showed that there was complete correlation between homozygosity at exon 
1 and homozygosity at these SNPs (rs85074, 5 of 5; rs7950932, 4 of 4), and heterozygosity at 
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exon 1 and heterozygosity at these SNPs (rs85074, 67 of 67; rs7950932, 24 of 24).  Exon 17, 
which is centromere proximal, was heterozygous in all 72 clones tested, including 5 that were 
homozygous at exon 1.  These results demonstrate that a small fraction of IHR results in LOH, 
which extends from the site of recombination to the telomere.  

The contribution of homologous recombination to IHR was further addressed by 
depletion of homologous recombination factors BRCA2, which promotes canonical HDR by 
loading RAD51 on resected DNA ends6; or RAD52, which supports strand annealing in 
pathways that are independent of BRCA2/RAD51.  Treatment with either siBRCA2 or siRAD52 
prior to transfection with Cas9 RNPs did not significantly affect IHR frequencies at either aligned 
or offset DSBs (Fig. 2a).  These results, like the molecular analysis above, indicate that only a 
minor fraction of IHR events occur by homologous recombination. 

The contribution of canonical nonhomologous end-joining (c-NHEJ) was tested by 
depletion of the DNA-Protein Kinase catalytic subunit (DNA-PKcs) and DNA ligase 4 (LIG4)7, 8 
(Fig. 2b).  Depletion of DNA-PKcs caused a modest but significant increase in IHR frequencies 
at both offset and aligned DSBs (1.2- and 1.3-fold, respectively; p = 0.008 and 0.003).  
Depletion of LIG4 also caused a modest but significant increase in IHR frequency at offset (1.5-
fold; p = 0.001) but not aligned (1.1-fold; p = 0.11) DSBs.  Thus, c-NHEJ factors modestly inhibit 
IHR at targeted DSBs, perhaps by promoting rejoining of cleaved ends in cis. 

The contribution of alternative end joining (altEJ) was tested by depletion of POLQ, 
which encodes DNA Polq, a helicase and translesion polymerase that plays a critical role in 
repair of DSBs formed by a variety of mechanisms, including stalled replication forks, 
CRISPR/Cas9 cleavage and ionizing radiation8-15.  Depletion of Polq has been reported to inhibit 
altEJ but stimulate homologous recombination16, 17.  Strikingly, depletion of POLQ stimulated 
IHR 4-fold or more, increasing IHR frequencies to 2% at both offset and aligned DSBs (Fig. 2c; 
p = 2.0 x 10-5 and 2.9 x 10-8).  RFLP analysis scored LOH at exon 1 in 6.7% (5/75) of sCD44+ 
recombinants from siNT2-treated control cells, and in 44.4% (24/54) of sCD44+ recombinants 
from cells treated with siPOLQ (p<0.0001, two-tailed Fisher’s exact test).  Thus, depletion of 
POLQ boosted IHR frequencies, especially IHR resulting in LOH. 

IHR in G2 phase but not G1 phase can result in LOH (Fig. 2d).  The fraction of 
recombinants that derive from G1 and G2 phase IHR events was estimated based on the 
frequency of LOH among sCD44+ recombinants.  Assuming that recombinant chromosomes 
are equally likely to segregate to the same or different daughter cells following G2 phase IHR, 
then there will be equal numbers of sCD44+ recombinants produced in G2 phase that do and 
do not exhibit LOH (Fig. 2d).  Based on this, we estimate that in cells treated with control siNT2, 
13.4% (2 x 6.7%) of recombinants were generated in G2 phase, and the remaining 86.6% in G1  
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Figure	2		POLQ	depletion	 stimulates	G2	phase	IHR.
(a-c).		Frequencies	 of	IHR	in	HT1080-K2	cells	treated	 with	indicated	 siRNAs	and	transduced	 with	 RNPs	composed	of	Cas9	
and	indicated	gRNAs.	siNT2,	 non-targeting	 control.	 	IHR	frequencies	 are	shown	as	mean	and	SEM	(n≥3);	*	and	**	indicate	
significant	 difference	from	siNT2	(p<0.05	and	p<10-3,	respectively).
(a)		siNT2,	 siBRCA2,	 siRAD52
(b)	 	siNT2,	siDNA-PKcs,	 siLIG4
(c)		siNT2,	siPOLQ.		
(d)	 	IHR	outcomes	 in	G1	and	G2	phases.		Above:	IHR	in	G1	phase	of	cell	cycle	corrects	 a	compound	 heterozygous	
mutation.		Following	segregation,	the	two	identical	 daughter	cells	will	each	contain	 one	homolog	 that	has	undergone	
reciprocal	 recombination	 and	one	in	parental	 configuration,	 and	both	 will	express	functional	 protein	 (green	shading).		IHR	
between	replicated	 homologs	 in	G2	phase	can	have	two	outcomes.		If	both	recombinant	 chromosomes	 segregate	to	the	
same	daughter	cell,	 the	compound	 heterozygous	mutation	 will	be	corrected	 in	that	daughter	(green	shading)	but	 not	the	
other,	 which	 will	retain	the	parental	genotype.		Alternatively,	if	the	recombinant	 chromosomes	 segregate	to	different	
daughter	cells,	 the	compound	 heterozygous	mutation	 will	be	corrected	 in	one	of	those	cells	(green	shading)	and	both	
daughter	cells	will	exhibit	 copy-neutral	 LOH	along	the	region	that	extends	 from	the	recombination	 junction	 to	the	
telomere.		LOH	can	correct	 gain-of-function	 mutants,	 as	diagrammed	in	detail	 in	Supplementary	 Fig.	1.		Below:	tabulation	
of	the	effect	of	POLQ	depletion	 on	cell	cycle	regulation	 of	IHR	at	offset	DSBs.
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phase; and in cells depleted for POLQ, 88.8% (2 x 44.4%) of recombinants were generated in 
G2 phase and 11.2% in G1 phase (Fig. 2e). 

The relative frequencies of G1 and G2 phase IHR events was estimated after dividing 
the fraction of G1 phase recombinants by two, as each G1 phase recombination event produces 
two daughters that are sCD44+, while each G2 phase event produces only one (Fig. 2d).  The 
ratio of IHR events in G2:G1 phase was approximately 1:3 (13.4% relative to 86.6%/2=43.3%) 
in siNT2-treated control cells and 16:1 (88.8% relative to 11.2%/2 = 5.6%) in siPOLQ-treated 
cells.  Thus, POLQ depletion caused G2 phase events to increase 48-fold (Fig. 2e).  These 
results suggest that Polq normally plays a critical role in ensuring that unrepaired DSBs do not 
persist into G2 phase, to limit IHR accompanied by LOH and also, perhaps, to limit 
translocation.  

Identification of Polq downregulation as a novel strategy to stimulate IHR between 
replicated homologs in G2 phase enhances the ability to correct autosomal dominant mutations, 
which account for a significant fraction of human genetic disease and have presented a 
particular challenge as these diseases are not candidates for gene replacement therapy.  
Accompanying copy-neutral LOH may limit the applicability of this strategy in some contexts, 
nonetheless the evidence that spontaneous gene correction ameliorates some diseases1-3 
clearly indicates that some genes/cell types will be amenable.  Downregulation of Polq achieved 
here by siRNA treatment may alternatively be facilitated by small molecule drugs currently being 
developed to inhibit repair by Polq that enables cancer cells to survive therapies that damage 
DNA.  

The reciprocal end-joining pathway identified here supports IHR at frequencies of 
approximately 0.5% in control cells and 2% in POLQ-depleted cells.  Frequencies in this range 
are anticipated to be useful for gene therapy, especially if corrected cells have an advantage in 
engraftment or proliferation.  IHR has been documented in mouse embryonic stem cells and 
human B-lymphoblastoid cell lines18-21, but at much lower frequencies (<0.01%) which likely 
reflect targeting of DSBs to only a single homolog in those experiments.  End-joining was 
recently postulated to support IHR that repaired compound heterozygous mutations associated 
with mouse models of hereditary tyrosinemia type 1 and mucopolysaccharidosis type I22.  It may 
be possible to stimulate end-joining to correct mutations found in a variety of mammalian cell 
types by IHR.  
 
METHODS 
Methods are available in Supplemental Materials.  
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