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In vitro data suggest a role
for PMS2 Kozak sequence mutations
in Lynch syndrome risk
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Summary
Lynch syndrome (LS) is the most common hereditary cancer syndrome. Heterozygous loss-of-function variants in PMS2 are linked to LS.

While these variants are not directly cancer causing, reduced PMS2 function results in the accumulation of somatic variants and

increased cancer risk over time due to DNAmismatch repair dysfunction. It is reasonable that other types of genetic variation that impact

the expression of PMS2may also contribute to cancer risk. The Kozak sequence is a highly conserved translation initiation motif among

higher eukaryotes and is defined as the nine base pairs upstream of the translation start codon through the first four bases of the trans-

lated sequence (5’-[GTT]GCATCCATGG-3’; human PMS2: NM_000535.7).While Kozak sequence variants in PMS2 have been reported in

ClinVar in patients with suspected hereditary cancer, all variants upstream of the translation start site are currently classified as variants

of undetermined significance (VUSs).We hypothesized that variants significantly disrupting the Kozak sequence of PMS2would decrease

PMS2 protein expression, contributing to increased cancer risk over time. Using a dual-luciferase reporter plasmid and site-directed

mutagenesis, we generated the wild-type human PMS2 and the ClinVar VUSs within the PMS2 Kozak sequence. Besides the c.1A>C

variant, which is already known to be pathogenic, we implicate six additional variants as American College of Medical Genetics and

Genomics (ACMG)/Association for Molecular Pathology (AMP) pathogenic supporting (PP) variants and classify ten as benign support-

ing (BP). In summary, we present a method developed for the classification of human PMS2 Kozak sequence variants that can contribute

to the re-classification of VUSs identified in patients.
Lynch syndrome (LS; MIM: 120435, 609310, 613244,

614337, and 614350) affects 1 in 279 people, making it

the most common hereditary cancer syndrome.1 LS is

caused by germline loss-of-function mutations in the

DNA mismatch repair (MMR) genes MLH1 (MIM:

120436), MSH2 (MIM: 609309), MSH6 (MIM: 600678),

and PMS2 (MIM: 600259).1 While these variants do not

directly initiate cancer, reduced MMR activity results in

the accumulation of somatic variants and thus increases

cancer risk over time. Heterozygous variants in PMS2 that

reduce the expression of the PMS2 protein or decrease its

function are linked toLS type4 (MIM: 614337). LS type 4 in-

dicates LS caused by mutations in PMS2 as opposed to the

other three LS genes mentioned above. However, the vast

majority of PMS2 clinical sequencing efforts focus only on

the coding sequence. Asmore is learned about the structure

and functionof thehumangenome, additionalnon-coding

regulatory mechanisms (e.g., enhancer elements) that

contribute to gene/protein expression are being discov-

ered.2 This includes the ‘‘Kozak sequence,’’ a nucleotide

motif lying immediately upstream of translation start sites

thatwasfirst describedbyMarilynKozak in1984.3,4 TheKo-

zak sequence consists of 10–13 nucleotides spanning the
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gene translation initiation AUG codon (5’-[GTT]GCATC

CATGG-3’; human PMS2 [hPMS2] NCBI: NM_000535.7)

and is a highly conserved protein translation initiation

motif among eukaryotes. The importance surrounding

theKozak bases�7 to�9 (in brackets above) is currently un-

clear. It is thought that the Kozak sequence contributes to

slowing scanning 40S ribosomes at the appropriate mRNA

start codon (generally the closest to the 50 cap) allowing

for pairing of the Met-tRNAi with the AUG start sequence.

This then allows for recruitment of the 60S ribosome to

initiate translation. However, the exact mechanism by

which the Kozak sequence promotes translation initiation

remains elusive. It is possible that the 40S ribosomal com-

plex directly interacts with the sequence slowing down

scanning. Additionally, it has been proposed that the Kozak

sequence contributes to secondary mRNA hairpin struc-

tures that pause 40S ribosome scanning and promote trans-

lation initiation.5

Mutations in the Kozak sequence can cause alterations

in the translation efficiency of a gene; this has been largely

attributed to the sequence’s ability to slow down the scan-

ning ribosome.5 Some studies have shown that even

modest changes to translation efficiency can lead to severe
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consequences.6 Specific Kozak sequence variants have

been shown to reduce translation in genes necessary for

heart development, resulting in cases of congenital heart

disease.7 Recent studies have shown that the CD40

(MIM: 190535) Kozak sequence variant c.–1C>T is associ-

ated with acute coronary syndrome8 and Graves’ disease,9

while the c.–5C>T variant in WWOX (MIM: 605131) has

been implicated in oral cancer risk.10 Additionally, in one

study, a mutation at the c.–6G position found in the

b-globin (MIM: 141900) Kozak sequence resulted in a

30% decrease in translation and contributed to an overall

increased risk for b-thalassemia.11 Another study reported

this same mutation in the Kozak sequence of GATA4

(MIM: 600576), which contributed to the pathogenesis

of atrial septal defects.7

All non-coding Kozak sequence variants upstream of the

c.þ1A in PMS2 in ClinVar are currently classified as variants

of undetermined significance (VUSs) or likely benign.12

This is likely due to the paucity of clinical research on this

non-coding region. The declining costs and increasing

availability ofwhole-genome sequencing continue to high-

light our significant lack of understanding in hownon-cod-

ing regions contribute to gene expression and disease

biology. Current limitations include (1) the lack of func-

tional and/or computational data for classification rubrics,

(2) sequencing challenges in C-G-rich regions (e.g., pro-

moters), and (3) limited annotation of non-coding re-

gions.13,14 Indeed, most of the recent Kozak sequence

studies have centered around ‘‘optimizing’’ the sequence

as a tool to increase translation efficiency, with little focus

on mutation classification or investigations of translation

deficiency.15–18Wehypothesized that variants significantly

disrupting the Kozak sequence of PMS2 would decrease

PMS2 protein expression, contributing to increased cancer

risk over time. To test this hypothesis, we developed a re-

porter assay for the classification of hPMS2 Kozak sequence

variants identified in patients.

We used the psiCHECK-2 dual-luciferase reporter vector

(Promega, Madison, WI, USA) as the backbone for all ex-

periments. This vector was chosen because it contains

both a Renilla luciferase and an independently tran-

scribed firefly luciferase gene. Using both allows one locus

to be genetically modified while the other one remains

genetically fixed, resulting in the ability to normalize

transfection efficiency within each independent experi-

ment. In this plasmid, both the Renilla and firefly lucif-

erase Kozak sequences are defined as 50-GCCACCATGG-

30. The Q5 Site-Directed Mutagenesis (SDM) Kit (New

England Biolabs, Ipswich, MA, USA) was used to modify

the psiCHECK-2 Renilla Kozak sequence to the hPMS2

(NCBI: NM_000535.7) sequence: 50-[GTT]GCATC-

CATGG-30 (Tables 1 and 2) per the manufacturer’s proto-

col. It is notable that the PMS2 Kozak sequence differs

from the accepted eukaryotic consensus sequence

50-GCC(A/G)CCATGG-30 at the �4 and �3 positions.

The �3 position has been shown to be highly

conserved,19 and a T at this position in other gene con-
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texts has been shown to significantly decrease translation

efficiency.20 However, we found no significant difference

(p ¼ 0.6; two-tailed Student’s t test; data not shown) be-

tween the translation efficiency of the hPMS2 Kozak

sequence and the endogenous plasmid sequence (i.e.,

the conserved eukaryotic sequence). The same SDM pro-

tocol was used to generate each of the 50 UTR Kozak

sequence variants that have been reported in NCBI

ClinVar12 (Tables 1 and 2). Further, we generated a posi-

tive control mutant, c.1A>C. The c.1A>C mutation has

multiple pathogenic submissions in ClinVar12 and is pre-

dicted to result in loss of the translation start codon,

causing reduced protein expression.21 This specific muta-

tion is linked to LS presentations including, but not

limited to, hereditary nonpolyposis colorectal neoplasms

and hereditary breast and ovarian cancer.12 Finally, we

generated a c.�6G>C mutation that has not been re-

ported in the context of PMS2 in ClinVar, but the �6 po-

sition is known to be important in translation initiation.

We hypothesized that this variant is disruptive based

on its association with other gene/disease contexts as

mentioned previously.7,11

Subsequently, all SDM plasmids were individually trans-

formed into 5-alpha chemically competent E. coli cells

(Invitrogen, Waltham, MA, USA) and Sanger verified

following miniprep extraction (Invitrogen) using the psi-

CHECK2_seq_F primer (Table 1) at Genewiz/Azenta Life

Sciences (South Plainfield, NJ, USA). Plasmids used for

the in vitro assay were maxiprepped (Invitrogen) and quan-

tified using the Qubit dsDNA BR Assay Kit (Thermo Fisher

Scientific, Waltham, MA, USA). All SDM primers were de-

signed using NEBaseChanger v.1.3.3, and oligonucleotides

were synthesized by Integrated DNA Technologies (Coral-

ville, IA, USA).

HEK293T cells were maintained in media containing

DMEM (4.5 g/L glucose, L-glutamine, and sodium pyruvate;

NY/Corning, Corning, NY, USA) with 10% fetal bovine

serum (Gibco, Grand Island, NY, USA/Corning) and 13

penicillin-streptomycin (Gibco). Cells were seeded at 4 3

104 cells per well in a 24-well plate with 1 mL of culture me-

dia 24 h before transfection. Experiments were plated in

three biological replicates. Following a medium change,

cells were transfected with plasmid complexed with

PolyJet In Vitro DNA Transfection Reagent (SignaGen Labo-

ratories, Rockville, MD, USA) per the manufacturer’s proto-

col. Media were changed again 24 h after transfection.

Forty-eight hours after transfection, cells were mechanically

dissociated from the well bottom, 50 mL of cells were

removed from each well in triplicate to an opaque, white

96-well plate (PerkinElmer, Waltham, MA, USA), and lucif-

erase expression data were collected using the Dual-Glo

Luciferase Assay (Promega) per the manufacturer’s protocol

on a BioTek Synergy LX (Agilent, Santa Clara, CA, USA). Ko-

zak sequence translation efficiency was calculated as the

proportion of Renilla luciferase/firefly luciferase expression

per well.16 The data were normalized to the hPMS2 wild-

type (WT) plasmid. In vitro assay results were compared



Table 1. Primer list

Primer name Sequence (50/30)

Univ_F CCATGGCTTCCAAGGTGTACGACC

WT_R ATGCAACCCTATAGTGAGTCGTATTAAG

psiCHECK2_seq_F TTCTCTCCACAGGTGTCCAC

Kozak_Var01_F GGTTGCATCCCTGGCTTCCAA

Kozak_Var02_F GGGTTGCATCGATGGCTTCCA

Kozak_Var03_F GGGTTGCATCTATGGCTTCCA

Kozak_Var04_F GGGTTGCATCAATGGCTTCCA

Kozak_Var05_F AGGGTTGCATGCATGGCTTCC

Kozak_Var06_F AGGGTTGCATACATGGCTTCC

Kozak_Var07_F AGGGTTGCATTCATGGCTTCC

Kozak_Var08_F TAGGGTTGCAGCCATGGCTTC

Kozak_Var09_F ATAGGGTTGCGTCCATGGCTT

Kozak_Var10_F TATAGGGTTGGATCCATGGCT

Kozak_Var11_F TATAGGGTTGAATCCATGGCTTC

Kozak_Var12_F CTATAGGGTTACATCCATGGC

Kozak_Var13_F TCACTATAGGCTTGCATCCATG

Kozak_Var14_F ATCCATGGCTTCCAAGGT

Kozak_Var15_F CATCCATGGCTTCCAAGG

Kozak_Var16_F CTATAGGGTTCCATCCATGGC

Kozak_Var17_F ACTATAGGGTCGCATCCATGG

Kozak_Var01_R CTATAGTGAGTCGTATTAAGTAC

Kozak_Univ01_R TATAGTGAGTCGTATTAAGTACTCTAG

Kozak_Var05_R ATAGTGAGTCGTATTAAGTACTCTAGC

Kozak_Univ02_R ATAGTGAGTCGTATTAAGTACTCTAG

Kozak_Var08_R TAGTGAGTCGTATTAAGTACTCTAGC

Kozak_Var09_R AGTGAGTCGTATTAAGTACTCTAG

Kozak_Univ03_R GTGAGTCGTATTAAGTACTCTAG

Kozak_Univ04_R TGAGTCGTATTAAGTACTC

Kozak_Var13_R GTCGTATTAAGTACTCTAGC

Kozak_Var14_R ACCCTATAGTGAGTCGTATTAAG

Kozak_Var15_R CCCTATAGTGAGTCGTATTAAG

Kozak_Var17_R GAGTCGTATTAAGTACTCTAG
across genotypes using a one-way ANOVA test followed by

post hoc Fisher’s least significant difference test compared

to the hPMS2 sequence on GraphPad Prism v.9.4.0.

Translation efficiency was measured for each PMS2 Ko-

zak sequence mutant. As expected, the positive control

variant showed significantly reduced protein translation

compared to the WT sequence (Figure 1): c.þ1A>C

(p < 0.0001; 88% translation reduction). Remaining Re-

nilla luciferase expression in this mutant is hypothesized

to derive from alternative AUG usage, as there are eight

additional in-frame AUG codons in this gene, several of
Hu
which are predicted to maintain the amino acids required

for the protein active site.22 In total, we tested 18 PMS2

UTR Kozak sequence variants: the WT sequence, a positive

control, 15 VUS(s) identified from ClinVar, and the

c.�6G>C variant. We identified six variants with signifi-

cantly decreased in vitro translation efficiency indicating

a potentially pathogenic classification (Figure 1). These

included c.�1C>A (p ¼ 0.0081), c.�1C>T (p ¼ 0.0072),

c.�2C>G (p¼ 0.0106), c.�6G>C (p¼ 0.0135), c.�7_�5del

(p ¼ 0.0001), and c.�8_�6del (p ¼ 0.0002). The remaining

ten variants had translation efficiencies that did not
man Genetics and Genomics Advances 5, 100298, July 18, 2024 3



Table 2. Site-directed mutagenesis specifications

Variant name Sequence changea Fwd. primer Rev. primer Annealing temperature (�C)

Kozak_hPMS2 N/A Univ_F WT_R 59

Kozak_Var01 c.1A>C Kozak_Var01_F Kozak_Var01_R 60

Kozak_Var02 c.�1C>G Kozak_Var02_F Kozak_Univ01_R 63

Kozak_Var03 c.�1C>T Kozak_Var03_F Kozak_Univ01_R 63

Kozak_Var04 c.�1C>A Kozak_Var04_F Kozak_Univ01_R 63

Kozak_Var05 c.�2C>G Kozak_Var05_F Kozak_Var05_R 65

Kozak_Var06 c.�2C>A Kozak_Var06_F Kozak_Univ02_R 63

Kozak_Var07 c.�2C>T Kozak_Var07_F Kozak_Univ02_R 63

Kozak_Var08 c.�3T>G Kozak_Var08_F Kozak_Var08_R 65

Kozak_Var09 c.�4A>G Kozak_Var09_F Kozak_Var09_R 63

Kozak_Var10 c.�5C>G Kozak_Var10_F Kozak_Univ03_R 61

Kozak_Var11 c.�5C>A Kozak_Var11_F Kozak_Univ03_R 61

Kozak_Var12 c.�6G>A Kozak_Var12_F Kozak_Univ04_R 57

Kozak_Var13 c.�9G>C Kozak_Var13_F Kozak_Var13_R 57

Kozak_Var14 c.�7_�5del Kozak_Var14_F Kozak_Var14_R 63

Kozak_Var15 c.�8_�6del Kozak_Var15_F Kozak_Var15_R 61

Kozak_Var16 c.�6G>C Kozak_Var16_F Kozak_Univ04_R 57

Kozak_Var17 c.�7T>C Kozak_Var17_F Kozak_Var17_R 58

Fwd., forward; Rev., reverse.
aAnnotations on NM_000535.7(PMS2).
significantly differ from the hPMS2 WT sequence, support-

ing a benign classification: c.�1C>G (p ¼ 0.20), c.�2C>A

(p ¼ 0.84), c.�2C>T (p ¼ 0.43), c.�3T>G (p ¼ 0.61),

c.�4A>G (p ¼ 0.90), c.�5C>G (p ¼ 0.98), c.�5C>A (p ¼
0.15), c.�6G>A (p ¼ 0.64), c.�7T>C (p ¼ 0.59), and

c.�9G>C (p ¼ 0.93; Figure 1).

The current theory of eukaryotic translation is that a 40S

ribosomal subunit and the initiator tRNA bind to the 50 cap
ofmRNA.Thiscomplex thenscansuntil it reaches theappro-

priate start codon (AUG), where it slows down, due to inter-

actions with the Kozak sequence, and initiates translation.

One hypothesis regarding this mechanism is that the Kozak

sequence contributes to a secondary mRNA structure that

physically slows ribosomal scanning. To investigatewhether

secondary structural changes could distinguish significant

versus non-significant variants, we used an in silico tool

called RNA fold23 on each of the 18 Kozak sequence variants

tested. This experiment, however, did not reveal a conserved

structural mechanism for potentially pathogenic versus

benign variants at this locus (Figure 2). In fact, quite diverse

structures were predicted among our functionally benign

variants, particularly the c.�9G>C and c.�2C>T variants,

which shared some structural features with predicted patho-

genic variants (Figure 2). While we do not know whether

these in silico predictions reflect the in vivo state, these data

suggest that mutations in the hPMS2 Kozak sequence do

not change translation efficiency by altering the conserved

secondary mRNA structure.
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Ourstudyhighlights thepotential role forPMS250UTRKo-

zak sequence variation in cancer risk. Thiswas accomplished

through the development of a mid-throughput reporter

assay to measure translation efficiency linked to mutations

in this region. Importantly, our data implicate five poten-

tially pathogenic variants that warrant additional study in

humans. Further, our data support a pathogenic classifica-

tion for c.–6G>C in the context of PMS2, as this variant

has been observed and associated with diseases at other

loci.7,11 These data, coupled with the existing translation

initiation theory, emphasize the importance of the Kozak

sequence forproper translation initiationofPMS2 transcripts

and the need for further genetic research in this region.

Besides the c.1A>C mutation, most of the variants in

this study are currently classified as VUS(s), which are

not clinically actionable. Of note, the c.�7T>C variant

was found to be likely benign in our assay (Figure 1).

This variant has the highest population frequency

compared to the other variants tested in our assay

(NM_000535.7:c.�7T>C; minor-allele frequency:

0.00032 across all genetic ancestry groups). We recently

identified a family with suspected hereditary cancer car-

rying the c.�7T>C variant in PMS2 (data not shown).

While there are conflicting interpretations of pathoge-

nicity for this variant in ClinVar,12 segregation analysis

within this family, population frequency data, and the

functional data presented here collectively support a

benign classification for this variant.



Figure 1. Translation efficiency of hPMS2 Kozak sequence vari-
ants
Bar graph shows the percentage of Renilla/firefly expression
normalized to the hPMS2 wild-type (WT) control sequence. Data
shown represent three independent transfectionsmeasured in tech-
nical triplicate (n ¼ 3; 5SEM). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. One-way ANOVAwith post hoc Fisher’s least signif-
icant difference test compared to the hPMS2 WT control in each
experiment. Blue bars indicate the variant is likely benign, and
red bars indicate potentially pathogenic variants.
One of the most intriguing results of this study involved

the �1 position. Two out of the three base changes tested

in this location resulted in decreased translation efficiency

(C>A and C>T but not C>G; Figure 1). This is consistent

with the original publications from Marilyn Kozak high-

lighting the –1C and �2 bases as key residues within the 50

UTR Kozak sequence.3,6,24 However, we did not see this

same pattern at the –2C base; only one variant, c.–2C>G, re-

sulted in a significant decrease in translation efficiency

(Figure 1), indicating that variants may have different phe-

notypes and outcomes depending on the context of the Ko-

zak sequence. This deviation from the Kozak literature may

bedue to thehPMS2Kozak sequence itself. ThehPMS2Kozak

sequencediffers fromtheeukaryotic consensusat twohighly

conserved positions, c.�4C>A and c.�3A/G>T. The c.�3A/

G base has been reported as a crucial site for translation initi-

ation at other loci.20 The utilization of a �3T in the hPMS2

context is very rare according to original publications from

Marilyn Kozak.19 Indeed, our own analysis of the human

genome identified only three other genes sharing the same

Kozak sequence with the hPMS2 locus (ASB1 [MIM:

605758], ETV2 [MIM: 609358], and LENG9 [MIM: N/A];

data not shown). hPMS2 bases �1, �2, �3, �4, and �6 are

highly conserved across species, and PMS2 protein expres-

sion is important for human survival, suggesting that this

is not a ‘‘weak’’ Kozak sequence. Importantly, our reversion

of c.�3T>G (i.e., one of the consensus �3 bases) did not in-

crease translation efficiency, supporting the idea that key ba-

ses are likely context specific.

Marilyn Kozak also posed the idea that varying gene-to-

gene effects can be impacted by downstream factors and/or

secondary structure from the mutated sequence.25 Our

RNA folding data did not show a consistent deviation in
Hu
secondary structure for all potentially pathogenic variants

in this study (Figure 2). However, our data do show that the

hPMS2 Kozak sequence �1 base must be a C or a G for WT

gene expression (Figures 1 and 2) that could support either

a ribosomal interaction or the presence of local secondary

structures surrounding the start codon that we could not

model. A potential caveat of our functional assay is that

several other in-frame start codons exist within the Renilla

luciferase sequence that would likely still result in a func-

tional protein. From Marilyn Kozak’s early work,19 we

know that 40S ribosomes can have ‘‘leaky scanning’’ such

that an AUG codon may be skipped and another utilized

when in a more favorable context. Indeed, it is possible

that some of our likely benign hPMS2 Kozak sequence var-

iants simply utilized a downstream, in-frame start codon

that could not be distinguished by our assay.

Functional genomics studies such as this are required for

variant re-classification and will remove diagnostic barriers

in clinical settings for better and earlier cancer prevention

and treatment. When the cancer risk of mutations is not

clearly defined, prophylacticmeasures are often overlooked

or ignored and rarely re-evaluated.26,27 That is not to say

this study was without limitations. One limitation is that

these assays were performed in the haploid state driving

the expression of a reporter gene rather than in their native

context. Indeed, LSmutations aremost often in the hetero-

zygous state, andwedonot know if or how the cell compen-

sates for reduced translation efficiency. Official ACMG

re-classification of these variants will require that patient-

derived tissues/cells recapitulate these effects.14 However,

this does not alter the conclusions nor the importance of

this study. Rather, our data strongly support continued

research into the Kozak sequence to better understand

how mutations in this region impact cancer risk.
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Figure 2. Predicted secondary RNA structures for hPMS2 Kozak sequence variants
In silico RNAfold predictions are shown for hPMS2 Kozak sequence variants within the context of the Renilla luciferase plasmid sequence.
Blue text indicates likely benign, and red text indicates potentially pathogenic variants.
OMIM, https://www.omim.org/

RNAfold, http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNA

fold.cgi
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