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Abstract

Objective: The goal of this study is to demonstrate the utility of a growth assay

to quantify the functional impact of single nucleotide variants (SNVs) in

SLC2A1, the gene responsible for Glut1DS. Methods: The functional impact of

40 SNVs in SLC2A1 was quantitatively determined in HAP1 cells in which

SLC2A1 is required for growth. Donor libraries were introduced into the

endogenous SLC2A1 gene in HAP1-Lig4KO cells using CRISPR/Cas9. Cell

populations were harvested and sequenced to quantify the effect of variants on

growth and generate a functional score. Quantitative functional scores were

compared to 3-OMG uptake, SLC2A1 cell surface expression, CADD score, and

clinical data, including CSF/blood glucose ratio. Results: Nonsense variants

(N = 3) were reduced in cell culture over time resulting in negative scores

(mean score: �1.15 � 0.17), whereas synonymous variants (N = 10) were not

depleted (mean score: 0.25 � 0.12) (P < 2e-16). Missense variants (N = 27)

yielded a range of functional scores including slightly negative scores, support-

ing a partial function and intermediate phenotype. Several variants with normal

results on either cell surface expression (p.N34S and p.W65R) or 3-OMG

uptake (p.W65R) had negative functional scores. There is a moderate but sig-

nificant correlation between our functional scores and CADD scores. Interpre-

tation: Cell growth is useful to quantitatively determine the functional effects of

SLC2A1 variants. Nonsense variants were reliably distinguished from benign

variants in this in vitro functional assay. For facilitating early diagnosis and

therapeutic intervention, future work is needed to determine the functional

effect of every possible variant in SLC2A1.

Introduction

The genetic cause of many disorders is known but deter-

mining which variants are pathogenic is challenging. The

accumulation of variants of uncertain significance (VUS)

and the failure to accurately classify genetic variants pre-

sents a growing problem, particularly as sequencing

before symptom onset becomes commonplace and for

disorders in which treatments are available.

Computational tools for predicting variant pathogenicity

are attractive because they scale to millions of variants,1

but conflicting predictions and poor sensitivity and speci-

ficity reduces the impact of these tools.2–4 This limitation

is formalized in the guidelines for variant interpretation,

which state that computational predictions should never

be used as the only evidence of pathogenicity.5,6 The

American College of Medical Genetics, the Association for

Molecular Pathology, and the NIH-supported Clinical
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Genome Resource (ClinGen) all emphasize the impor-

tance of functional data,5 yet variant-specific functional

data remains sparse relative to the number of unique var-

iants observed in the population. This limitation hinders

efforts to use patient-specific variants for clinical

decision-making or to improve clinical trial outcomes.

The Glucose Transporter Type 1 Deficiency Syndrome

(Glut1DS; MIM#606777) was first described by De Vivo

et al.,7 and is caused by mutations in the SLC2A1 gene,

which encodes the main endothelial glucose transporter

GLUT1. Diagnosis is essential because the ketogenic diet

is effective for treating associated symptoms. GLUT1 is

expressed in the blood–brain barrier and is responsible

for transporting glucose into the brain7 and other

organs.8 Glut1DS encompasses a spectrum of neurological

disorders, including early onset seizures with acquired

microcephaly and cognitive impairment (classic type),

paroxysmal choreoathetosis and dyskinesia, atypical child-

hood absence epilepsy, and alternating hemiplegia, along

with many related phenotypes.7 Although diagnosis has

historically relied upon detection of reduced cerebrospinal

fluid (CSF) glucose, many patients are now diagnosed by

sequencing.9 However, the symptoms of Glut1DS are

often nonspecific and there are now nearly 300 VUS in

SLC2A1 in ClinVar, highlighting the critical need for

functional data.10,11 Functional data may also provide

important prognostic information about clinical severity.

Because SLC2A1, the gene responsible for Glut1DS, is

required for growth of the haploid cell line (HAP1),12 we

hypothesized that introduction of single nucleotide variants

into the single copy of the SLC2A1 gene would allow us to

determine which variants are detrimental to SLC2A1 func-

tion. Similar methodologies were used to derive functional

scores for the disease genes BRCA1,13 CARD11,14 and

DDX3X15 which had immediate impact on patient

care.16,17 Here, we quantified the change in variant abun-

dance over time in cells containing 40 individual SLC2A1

single nucleotide variants grown in culture and report the

resultant quantitative functional scores. Experimentally

derived functional scores were then compared to the previ-

ously reported erythrocyte 3-O-methyl-D-glucose (3-

OMG) uptake, SLC2A1 cell surface expression, CADD

score, and clinical data, including CSF/blood glucose ratio.

Methods

Introduction of single nucleotide variants
into the endogenous SLC2A1 gene

All CRISPR gRNAs used in this project were cloned into

pX459 vector that expresses the gRNA from a U6 pro-

moter and has a Cas9-2A-puromycin resistance cassette.

We selected gRNAs that: (1) have a high predicted on-

target activity and minimal predicted off-target activity in

the Benchling website (https://benchling.com), (2) induce

cleavage within SLC2A1 coding sequence, and (3) target a

genomic site permissive to synonymous substitution

within the guanine dinucleotide of the PAM site. The oli-

gonucleotides were obtained from Integrated DNA Tech-

nologies (IDT). The cloning was performed by site

directed mutagenesis using NEBNext 29 polymerase mas-

ter mix followed by DpnI to digest the parental plasmid

template.18 After purification of mutagenesis PCR product

using AmpureXP (Beckman Coulter, Brea, CA, USA), it

was transformed into E. coli, which were plated on LB-

agar with ampicillin at 100 lg/mL. Colonies were cul-

tured and confirmed for the correct gRNA sequences by

Sanger sequencing.

As proof of principle, donor libraries consisting of 22

variants in exon 2 and 18 variants in exon 3 were

designed to include pathogenic, benign, and VUS vari-

ants. Some variants were identified in patients who had

clinical and diagnostic data available (Table 1), but some

had limited clinical information or were not previously

reported in patients (Table S1). Donor libraries consisted

of WT sequence (~200 bp) (hg37) with one target single

nucleotide substitution as well as 2–4 synonymous substi-

tutions at the PAM site (labeled as markers) to reduce re-

cleavage by the Cas9-gRNA complex and to distinguish

introduced variants from sequencing errors. The DNA for

each donor target including the markers (gBlock) was

ordered from IDT. The homology arms (~650 bp

upstream and downstream of the targeted region) were

generated from HAP1 genomic DNA by PCR using NEB-

Next 29 polymerase master mix followed by purification

with AmpureXP. Homology arms and gBlock were ampli-

fied with the primers to add the overlapping sequence, as

described previously.19 The PCR products were purified

using a gel extraction kit (Qiagen, Venlo, the Nether-

lands) and cloned into a linearized Topo PCR 2.1 vector

with HiFi assembly cloning (NEB). Cloning reactions

were transformed into XL10 E. coli (Stratagene/Agilent,

Wilmington, DE, USA) and selected with Kanamycin.

Plasmid DNAs were isolated from colonies (Qiagen Mini-

Prep kit) and Sanger sequenced for verification. Using a

site-directed mutagenesis (SDM) protocol,18 40 variants

across exon 2 and 3 were introduced into the donor

gBlock of the targeted region with homology arms. All

primers and gRNAs used in this study are summarized in

Appendix S1.

HAP1 cell culture and growth selection

In this study, we used a LIG4-Knockout HAP1 cell line

(Horizon Discovery, Waterbeach, UK) that has a higher

knock-in efficiency,13 and cultured them in Iscove’s
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Modified Dulbecco’s medium (IMDM) with L-glutamine

and 25 mM HEPES (GIBCO, Waltham, MA, USA) sup-

plemented with 10% fetal bovine serum (Rocky Mountain

Biologicals, Missoula, MT, USA) and 1% penicillin–strep-
tomycin (GIBCO). Because HAP1 cells spontaneously

convert to a diploid state in cell culture,20 we sorted cells

to generate a pure haploid (1n) cell population before

transfection. To do so, cells were stained for DNA content

with Hoechst 34580, and Fluorescence-Activated Cell

Sorting (FACS) was performed to isolate the cells with

the lowest intensity, corresponding to haploid cell popula-

tion (Figure S1). These 1n cells were expanded for

2 weeks to obtain sufficient cells before transfection.

HAP1 cells were transfected with Turbofectin 8.0 accord-

ing to manufacturer’s protocol. For each transfection, we

performed three biological replicates with 20 million cells

plated in a 10-cm dish per replicate. The day after plating

the cells (D0) cells were co-transfected with 4.5 lg Cas9-

gRNA plasmid and 4.5 lg of the donor pooled corre-

sponding to a single exon (22 variants for exon 2, and 18

variants for exon 3). On day 1, the media was supple-

mented with puromycin (1 lg/mL), and the cells were

treated for 48 h to select for successfully transfected cells.

On day 5 post transfection, cells were washed once with

19 phosphate-buffered saline (PBS, GIBCO), trypsinized

with 0.25% trypsin (GIBCO), and resuspended in

medium. One-half cells were collected for sequencing at

D5 (centrifuged for 5 min at 300 g), and the remainder

were grown to D8. On day 8, half of the cells were pel-

leted for sequencing and the other half were passaged for

harvesting at D11.

gDNA preparation and sequencing

All genomic DNA (gDNA) was isolated from the cell

population on days 5, 8, and 11 using the DNeasy kit

(Qiagen). PCR primers for gDNA were designed outside

of the homology arm sequence in order to select for

amplicons derived from gDNA and not plasmid DNA. All

gDNA were sampled by performing eight replicate PCR

reactions, using 50 ng of gDNA per 10 lL reaction (NEB-

Next 29 mastermix). After PCR, all replicates from the

same sample were pooled and purified using Ampure XP.

Next, a nested PCR was performed in duplicate with

primers containing Illumina sequencing adapters followed

by combined duplicates and then purified product. A

final PCR was performed for the minimal number of

cycles needed to complete amplification using purified

products from the second reaction as template to add

dual sample Illumina indexes and flow cell adapters. All

sequencing libraries were purified with Ampure beads,

diluted and denatured for sequencing for Illumina MiSeq

and Novaseq machines.

Sequencing alignment and quality control

Reads from Miseq and Novaseq were received in com-

pressed Fastq format.21 We used FastQC v0.11.7 to obtain

quality control data including average base quality by

position and by read.22 The SeqPrep software with the

default parameters and the added ‘-s’ parameter merged

the forward and reverse reads for each sample (https://

github.com/jstjohn). We mapped the resulting merged

reads using the BWA alignment software. The reference

sequence for each alignment was obtained from the

UCSC hg37 version of SLC2A1 which consisted of the

exonic sequence with a 20 bp intronic flanking sequence

included.23 The presence of the flanking sequences

increased the accuracy of the alignment by preventing

clipped sequences of mismatching base pairs in the first

and last codon of the exons. Since the samples should

only have the DNA sequence of the transfected donor, we

calculated the percent of mapped reads as a quality con-

trol using the Flagstat module of Samtools v1.12. Experi-

ments with >5% unmapped reads were rejected.

Tabulation of mapped reads by read
sequence variants

Each donor sequence contained at most one missense and

two synonymous substitutions (markers) at PAM site in

the same position for each exon. The synonymous substi-

tutions were used as markers to distinguish SNVs caused

by other experimental steps or sequencing error. A

python script was created to classify each mapped read.

The script was written using the PySam v0.17 module

and executed using Python v3.5.3 (https://github.com/

pysam-developers/pysam). Reads that were unmapped,

including indels or those that did not cover the full exon

sequence, were removed. The remaining reads were classi-

fied according to the nucleotide variants and the IUPAC

nomenclature for the amino acid change when present.

Reads without the synonymous markers or with more

than one amino acid change were discarded. The script

produced two tab-separated files for two technical PCR

samples per timepoint for three biological replicates at

days 5, 8, and 11: (1) a summary file with the count of

unmapped, indel, discarded and knock-in reads, and (2)

the count of each unique amino acid change and synony-

mous marker in the sequencing dataset from the experi-

ments for each timepoint. The counts of each technical

replicate were merged with an additional python script

that compared the found variants in each timepoint. If a

variant was not found in one of the sequencing dataset

from the experiments, the count was zero. The merged

tabulated data tables were used as the input for Enrich224

which used the change in frequency of the wild type and
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variant reads at each timepoint to calculate a linear

regression. The slope of the linear regression for each var-

iant is the functional score from one replicate, which is

then combined using a meta-analysis model to calculate a

final functional score that takes into account all replicate

scores. The final scores and individual replicate scores are

used to create figures. The Enrich2 software ran using the

“identifiers only” mode and filtering for a minimum of

one read of a variant in all sequencing dataset from the

experiments. For software input, each replicate was iden-

tified as a selection event under the same condition and

each selection event had days 5, 8 and 11 time points

using day 5 as the initial condition for the calculations.

The scores were computed using Enrich2’s weighted least

squares method and normalized using the wild type reads

in the each timepoint.

Visualization of scores for each exon

In addition to the figures generated by Enrich2, we gener-

ated our own correlation plots using R’s “cor” function

and visualized the resulting Spearman scores for all repli-

cates. We also used the HDF5 formatted output files from

Enrich2 to regenerate the linear regression plots for every

replicate and variant. The individual replicate scores were

also visualized with ggplot2 (https://ggplot2.tidyverse.org)

as a scatter plot with error bars where each dot was

color-coded by its functional effect.

Statistical analysis

To measure if the difference between functional scores of

the nonsense and synonymous variants were significant,

we performed an ANOVA using the R function aov () with

the formula: enrichScore ~ consequence + variantName.

Classification of SNV data

The functional scores were correlated with clinical pheno-

typic data using published cases and data shared by col-

laborators at Washington University (Drs. Weisenberg

and Thio) and Columbia University (Dr. De Vivo), as

well as data from ClinVar (https://www.ncbi.nlm.nih.gov/

clivar). We also compared the performance of our func-

tional scores with the computational algorithms of CADD

score.25

Results

We used a growth assay in HAP1-Lig4KO cells to analyze

the functional effects of 40 single nucleotide variants in

SLC2A1 (exon 2 and 3), including 6 reported in ClinVar

as pathogenic/likely pathogenic, 7 benign/likely benign,T
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and 7 VUS (Table 1, Table S1 and Figure 1). Some vari-

ants in exon 2 were not previously reported but were

designed to study the effects of nonsense variants or mul-

tiple amino acid substitutions at the same position. Clini-

cal and/or in vitro functional data from cell surface

expression or erythrocyte 3-OMG uptake assay were avail-

able for 10 variants (Table 1). Variants in either exon 2

(designed to study multiple amino acid changes at the

same residue) or exon 3 were introduced, as a group, into

the endogenous SLC2A1 locus in a pool of cells using a

single gRNA and Cas9 for each exon in three biological

replicates. For each exon, <1% of reads contained frame-

shift indels, and the homology directed repair (HDR) rate

(defined by the presence of a single introduced nucleotide

variant and associated nearby markers) ranged from 20%

to 60% at different timepoints in each biological replicate

(Figure S2A,B). As expected, HDR efficiency correlated

with the proximity of the introduced variants to the

gRNA cut site, as demonstrated by the lower HDR rate of

exon 3 variants (mean HDR rate was 34.15%, and mean

distance of the 18 variants to the cut site was

34 � 5.7 bp) compared to exon 2 variants (the mean

HDR rate was 50.2%, and the mean distance of the 22

variants to the cut site was 16 � 1.5 bp).

To determine the reproducibility of technical and bio-

logical replicates and the impact of sequencing method,

we sequenced the PCR products (two technical PCR sam-

ples per timepoint for three biological replicates) at days

5, 8, and 11 using both Illumina Miseq and Novaseq

sequencers. The sequencing depth was much greater on

the Novaseq (the mean read depth of Miseq data for

exons 2 and 3 was 107 � 92, and 313 � 228, respectively;

the mean read depth of Novaseq data for exon 2 and 3

was 7056 � 5736 and 30,269 � 21,738, respectively). We

calculated functional scores via Enrich2 software which

compares reads containing the variant at each of the three

timepoints after normalization to wild type reads for each

of the 40 SLC2A1 variants. Using the Enrich2 software,

the fitted line of the weighted linear regression for all 40

variants in each replicate at three timepoints was

Figure 1. GLUT1 protein diagram showing the locations of variants from exon 2 and 3 using DOG plotter. Variants identified in patients with

clinical data are highlighted in red (Table 1), all others are blue (Table S1).
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generated along with the calculation of slope (Figure S3A,

B). The Spearman’s correlations for biological replicate

were between 0.46 and 0.72, and for technical replicates

were between 0.45 and 0.95 for experiments with pooled

variants in both exons 2 and 3. (Figure S4A,B). When

comparing both methods of sequencing, the correlation

was 0.92 (Figure S5B).

After confirming the reproducibility of the assay, we

calculated functional scores for all variants (Figure 2A

and Figure S5A). A group of variants remained stable in

abundance from days 5 to 11, resulting in a score higher

than 0 as a consequence of these cells becoming more

predominant in the population as cells in the same pool

as damaging variants dropped out. The synonymous vari-

ants (functional variants) were all in this group of non-

damaging variants and had a mean score of 0.25 � 0.12

(Figure 2B). A second group of variants showed strongly

negative scores (<�1), with nonsense variants (non-

functional variant) having the most negative scores of all

variants tested. The mean score was �1.15 � 0.17 for the

three nonsense variants tested, and there were no signifi-

cant differences between the nonsense variants (ANOVA

test, P = 0.1025) (Figure 2B). However, there is a signifi-

cant difference between the synonymous and nonsense

variants based on the ANOVA test (P < 2e-16) (Figure 2B).

Missense variants appeared in a bimodal distribution,

with some having positive scores similar to the synony-

mous group, and others having more intermediate nega-

tive scores (Figure 2C).

Several missense variants scored intermediate between

the nonsense and the synonymous variant groups

(Figure 2A and Figure S5A). These include p.G79V (func-

tional score = �0.24), p.G91D (functional

score = �0.14), and p.S73F (functional score = �0.61).

Notably, p.G91D is an autosomal dominant inherited var-

iant from a family with multiple affected individuals

whose clinical phenotype included mild to moderate cog-

nitive impairment, with one patient having later onset

epilepsy (age 3 years) (Table 1). The patient with the

p.S73F variant has childhood onset Glut1DS (https://

www.ncbi.nlm.nih.gov/clinvar/variation/989292), an auto-

somal dominant disorder characterized by childhood

onset exercise-induced dyskinesia26 (Table 1). The G79V

variant has not been reported clinically but was experi-

mentally designed and tested (Table S1). Interestingly, we

found a positive functional score suggesting that it is a

benign variant for one missense variant (p.V87I) that had

previously been identified in a child with a mild pheno-

type, including focal epilepsy with onset at 3.5 years old

and mild cognitive impairment.27 The variant was also

identified in the child’s mother who had migraine, parox-

ysmal hemiparesis, and late onset PED, and one of a pair

of twin siblings who had mild absence epilepsy, eyelid

myoclonia, mild developmental delay and cognitive

impairment. However, the other unaffected twin also had

the variant, making this VUS difficult to interpret and less

likely to be pathogenic.

We specifically designed variants in exon 2 to allow us

to study the effects of multiple amino acid substitutions

at the same position (Figure 3). Interestingly, all missense

variants resulting in an amino acid substitution at posi-

tion 34 amino acid had negative functional scores. In

contrast, only 2 of the 7 variants tested at position 28

were damaging. Of note, while Y28X, which has not been

clinically reported, resulted in a negative functional score,

it was less deleterious compared to other nonsense vari-

ants (Figure 2A and Figure S5A). Notably, p.Y28X is the

most proximal of the three nonsense variants that we

tested.

We then compared our functional assay performance

with several computational metrics that are currently used

to investigate deleteriousness of variants, including CADD

score.25 There is a moderate but significant correlation

between our experimentally derived functional scores and

the CADD scores (Figure 4).

To compare our functional assay to other in vitro and

structural studies of GLUT1, we evaluated variants that

had normal results on either erythrocyte 3-OMG uptake

or GLUT1 surface expression assays. Two variants were

reported in Glut1DS patients who had abnormal CSF/

blood glucose ratios; one was reported in ClinVar

(p.N34S), but the other is reported for the first time here

(p.W65R) (Table 1). Both variants had negative func-

tional scores on our growth assay. These included

p.N34S, which had normal surface expression and a func-

tional score of �0.70, and p.W65R, which had normal

surface expression as well as normal erythrocyte 3-OMG

uptake and a functional score of �0.81 (Figure S3A, B).

We also generated an area under the receiver operating

characteristic (ROC) curve (AUC) based on 18 variants

including 10 synonymous and 8 pathogenic/likely patho-

genic (3 nonsense and 5 missense) to illustrate the sensi-

tivity and specificity of our growth assay. Our assay has

an AUC of 1 (Figure 5).

Figure 2. Functional scores of 40 SLC2A1 single nucleotide variants derived from HAP1 growth assay. (A) Scores for individual variants (with

95th percentile error bars derived from Miseq data) are shown sorted from lowest score (most negative) to highest. (B) Functional scores of

groups of nonsense (N = 3), missense (N = 27), and synonymous (N = 10) variants. The black dot is the mean of the variants. (C) Density plot

showing the distribution of individual score for each replicate of variant data within each group.

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 795

N. Tayebi et al. SLC2A1 Variant Functional Effects in Glut1DS

https://www.ncbi.nlm.nih.gov/clinvar/variation/989292
https://www.ncbi.nlm.nih.gov/clinvar/variation/989292


Discussion

The American College of Medical Genetics guidelines

emphasize the importance of functional evidence for

interpretation of gene variants.41 Here, we describe the

reproducibly and utility of a growth assay to quantify the

functional effects of 40 variants in SLC2A1. Our results

demonstrate that this functional assay is highly reproduc-

ible between replicates and different sequencing methods,

and yields negative scores for nonsense variants while

Figure 3. Functional scores for variants altering three amino acid residues (Y28, G31, and N34) in exon 2. Data presented is the % CI as

calculated from Miseq sequencing data.

Figure 4. The functional scores of 40 SLC2A1 variants are inversely correlated with CADD scores (Spearman’s correlation: �0.62). Scores are

derived from Miseq data.
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synonymous variants are all non-negative, and has signifi-

cant advantages over existing in vitro functional assays

which have inherent limitations.

There are multiple advantages of this in vitro HAP1

growth assay for determining the functional effects of

SLC2A1 variants. First, the assay does not require patient

biospecimens. Currently, the gold standard diagnostic test

for Glut1DS is hypoglycorrachia, or reduced CSF glucose

concentration. However, CSF requires an invasive spinal

tap, which may require sedation for infants and young

children, and adds both risk and expense. Second, the

HAP1 growth assay can be scaled to study a large number

of variants. While glucose uptake can be quantified in

vitro using a patient’s own erythrocytes or by exogenous

expression in Xenopus oocytes,42 these assays were not

designed for the high throughput screening and are per-

formed by only a handful of labs worldwide.

A major advantage of the HAP1 growth assay is that it

integrates the multiple ways that a gene variant can dis-

rupt function which makes it highly valuable for assessing

the effects of gene variants. For SLC2A1 and the other

genes required for growth in HAP1 cells, such as BRCA1,

variants that result in nonsense-mediated decay of the

transcript, protein instability, or impaired function (i.e.,

glucose transport) of a protein that otherwise traffic

appropriately to the cell surface, all result in impaired

growth. The growth assay is advantageous over those that

quantify surface expression (Metaglut1 test),43 which

detects as abnormal only those variants that impair pro-

tein synthesis, stability or trafficking. For example, the

autosomal dominant pathogenic SLC2A1 p.G91D vari-

ant32,34 demonstrated impaired cell growth in our assay

despite its normal erythrocyte surface expression.37,38 In

addition, there are reports of normal erythrocyte 3-OMG

uptake assays in patients with Glut1DS phenotypes, pre-

sumably due to normal uptake at the non-physiologic

lower temperature (4°C) at which the assay is

performed.44–46 Indeed, our growth assay demonstrated

impaired function of the SLC2A1 p.W65R variant in an

individual with a Glut1DS phenotype in which erythro-

cyte glucose uptake and surface expression was normal,

highlighting the advantages of our growth assay over

existing functional tests.

Functional data requires calibration with known benign

and pathogenic variants to allow it to be useful for

informing variant classification. Because variants in

SLC2A1 cause a spectrum of neurological disease, func-

tional scores would ideally correlate with clinical out-

come. Previous functional studies of the breast cancer

gene BRCA1 proposed a strictly binary (pathogenic/

benign) mode.11 The quantitative scores we obtained for

our positive controls (nonsense variants) and negative

controls (synonymous variants) were consistent with

expected values and did not overlap, resulting in a highly

predictive ROC curve. Because several SLC2A1 missense

variants identified in patients with autosomal dominant

Figure 5. Receiver operating characteristic curve for GLUT1 growth assay in HAP1 cells yields an AUC of 1.
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inheritance and less severe phenotypes resulted in scores

that were intermediate between the positive and negative

controls, we are optimistic that our quantitative func-

tional scores may prove to be predictive of neurological

outcome in larger studies, as has recently been shown for

DDX3X.15 Although the genotype–phenotype correlation

in Glut1DS is complex and clinical variability is present

even within families,47,48 patients with missense variants

often have milder phenotypes. However, individual out-

comes are likely influenced by genetic modifiers and envi-

ronmental factors such as seizure control. Clearly, a much

larger dataset that includes quantitative scores, such as

IQ, are needed to prove correlations between quantitative

functional scores on the growth assay and clinical

outcome.

Although the Glut1DS mechanism is haploinsufficiency

and the growth assay appears sufficiently sensitive to

detect deleterious variants, we expect that the HAP1

growth assay may, by nature of it being in a haploid cell

line, be less effective for evaluating variants with

dominant-negative effect or gain of function mechanisms.

However, to date, there is no evidence for dominant-

negative effect or gain of function mechanisms for

Glut1DS. We also do not know whether our assay is suffi-

ciently sensitive for variants that show incomplete clinical

penetrance. Prior work on DDX3X15 variants, studied

using the same assay, suggested that mildly damaging var-

iants may be slowly depleting and required modifications

of the growth assay. Our functional data for SLC2A1

p.V87I, which is a VUS reported in three affected and

one unaffected individual in a small family,27 suggest that

this variant is benign. The clinical phenotype in this fam-

ily, while consistent with mild Glut1DS, is not specific for

this syndrome given the many causes of mild cognitive

impairment and migraine. Even hypoglycorrhachia is

nonspecific, as some patients with hypoglycorrhachia do

not carry mutations in SLC2A1.49,50 Therefore, we cannot

exclude the possibility that this variant occurred in a fam-

ily with a condition that phenocopies Glut1DS, or that

this variant has an effect on SLC2A1 that is too small to

detect with our assay. Another possible limitation of our

assay is that some of the effects that we are seeing on cell

growth are due to off-target effects, though we selected

the gRNAs based on high on-target and low off-target

scores and have shown similar findings across three bio-

logical replicates.

The results of our functional assay also provide insight

into protein function and disease mechanisms. Multiple

mechanisms may account for the effects of missense vari-

ants on GLUT1 activity, including direct effect of steric

interference with substrate access to the glucose perme-

ation pathway (likely important only for a small number

of transporter amino acids), indirect effects through

changes in helix packing in the membrane, altered fold-

ing, decreased stability/increased degradation and changes

in conformational dynamics. For instance, we demon-

strated that all possible missense variants at N34 have

negative functional scores consistent with this being a hot

spot for disease due to the importance of this amino acid

in hydrogen bonding with glucose at the exofacial sugar

binding site.51,52 In contrast, only one of the six possible

amino acids substitutions at Y28, located within the

transmembrane domain, was functionally damaging in

our assay. Although prior work on cysteine-scanning

mutagenesis showed this residue to be functionally

important,53 our results on individual amino acid substi-

tutions would not have been predicted based on CADD

scores. In addition, we cannot fully explain why the func-

tional score for p.Y28X was consistently less negative than

the other two nonsense variants we tested, though they

were statistically not significantly different. We note that

p.Y28X is the most proximal of the three nonsense vari-

ants, leading us to be consider the possibility that in an

alternative downstream start site may yield a protein with

a possible partial function.28–31

The simplicity of the HAP1 growth assay will enable its

use to evaluate all possible variants in SLC2A1 in future

studies through deep mutational scanning (DMS). DMS

refers to the approach where all possible variants in a

sequence are created and functionally assayed.54,55 Pow-

ered by rapid decreases in the cost of DNA sequencing

and DNA synthesis, the highly parallel design of DMS

reduces the cost per variant per assay by orders of magni-

tude.56 With DMS, the effects of individual variants are

directly comparable since all variants are assayed at the

same time and in the same system, eliminating problems

associated with comparing results across labs.57 In con-

trast to one-at-a-time assays, DMS generates a “look-up

table” of all possible variants, which is immediately useful

to clinicians. Generation of a look-up table with func-

tional scores for all possible variants will improve genetic

diagnosis and may reduce the need for additional invasive

confirmatory testing, such as CSF evaluation, or experi-

mental generation of in vitro functional data. Accordingly,

DMS is beginning to be used to assist clinical interpreta-

tions, as demonstrated by proof-of-principle papers

involving the RING domain of BRCA1, and PPARG

genes.13,58,59 The performance of DMS is consistently

superior to computational prediction programs or assess-

ments of pathogenicity based on minor allele frequency.

DMS provides a quantitative measure of variant effect,

and the large scale of the resulting data provides the sta-

tistical power to assess the sensitivity and specificity of

each assay. The results from DMS are easily integrated

with ongoing efforts to build probabilistic models for var-

iant interpretation that combine existing information
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sources, including allele frequency data, family history,

physical and chemical properties, and structural data,

among others.60

Access to quantitative functional data at the time of

diagnostic sequencing is essential for reducing delays in

diagnosis, improving access to preventive treatment strat-

egies, and optimizing enrollment in clinical trials. The

growth assay described here for SLC2A1, and the quanti-

tative functional scores that can be now generated for all

variants across the gene, will markedly improve the clini-

cal care of patients with Glut1DS.
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in the Supporting Information section at the end of the
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Figure S1. Selection of haploid cells for HAP1 growth

assay. To purify HAP1-Lig4KO cells with haploid chro-

mosomal number, live cells were stained for DNA content

with Hoechst 34580 and sorted to isolate cells with the

lowest DNA content, corresponding to 1n cells (20%) in

G1.

Figure S2. Knock-in efficiency of HAP1-LIG4KO cells.

The average HDR % for three biological replicates in each

timepoint for (A) 22 variants in exon 2 and (B) 18 vari-

ants in exon 3 of SLC2A1 gene. The bar indicates stan-

dard error.

Figure S3. Quantification of effects of variants on growth

over time. Representative plots of Enrich2’s fitted line of

the weighted linear least square regression for each variant

in (A) exon 2 and (B) exon 3.

Figure S4. Correlation between biological and technical

replicates. Spearman’s correlation of the Enrich2 func-

tional scores for all three timepoints (D5, D8 and D11)

between three biological replicates (1–3, and) and two

technical replicates (A and B) for exon 2 (A) and exon 3

(B) of SLC2A1 gene sequenced with Miseq.

Figure S5. Functional scores and correlation using Nova-

seq data. (A) Scores for individual variants (with 95th

percentile error bars derived from Novaseq data) are

shown sorted from lowest score (most negative) to high-

est. (B) Correlation of the Enrich2 functional scores

between read counts from Miseq and Novaseq sequencing

data.

Table S1. SLC2A1 variants with no clinical information

or that were not previously reported in patients.

Appendix S1. All primers and gRNAs used in this study

are summarized in this file.
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