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The Telomere-to-Telomere consortium (T2T) work, published in
Science on April 1, 2022, offers the first complete sequence of a
human genome [1]. Using the T2T-CHM13 assembly as a reference
genome should improve genetic variation analysis [2] and thus
help in the molecular diagnosis of genetic diseases. Compared to
GRCh38, it adds 200 million base pairs of sequences containing
1956 gene predictions but removes sequences containing 263
genes. Among those are CFHR3 and CFHR1, which, along with the
CFH, CFHR2, CFHR4, and CFHR5 genes, constitute the CFHR-Factor
H gene cluster in 1932 (Fig. 1A).

The CFHR-Factor H gene cluster is medically relevant. It is
associated with complement disorders like atypical hemolytic and
uremic syndrome (aHUS) [3, 4]. Structural variants (SV) genes
leading to the formation of gene fusions between CFH and its
paralogs could be the cause of up to 5% of aHUS cases. In one
such genomic rearrangement (CFH:CFHR1) the C-terminal SCR
region of the CFH protein is replaced by the C-terminal portion of
CFHR1 [5-7], leading to the partial loss of SCR function [8]. C3
glomerulopathy, another human kidney disease that shares
complement over-activation as a common pathophysiological
pathway with aHUS, has also been connected to sequence
variations of the CFHR-Factor H gene cluster [9, 10].

The molecular diagnosis of these diseases is complicated by the
highly repetitive nature of the CFHR-Factor H gene cluster locus
sequence. On the one hand, short-read NGS can detect various
types of rearrangement, but their detection can be impaired by
read mapping issues caused by the numerous segmental
duplications at this locus; on the other hand, multiplex ligation-
dependent probe amplification (MLPA) can only detect copy
number variants [4]. The performance of SV detection with long-
read sequencing methods and their increasing accessibility make
them a promising alternative. As such, long-read sequencing
paired with an improved reference could revolutionize the
diagnosis of aHUS and other CFH-related diseases, but the impact
of the absence of relevant genes from T2T-CHM13 needs to be
evaluated.

To assess how using T2T-CHM13 as a reference genome could
affect the study of the CFHR-Factor H gene cluster (and ultimately
the diagnosis of aHUS), we used targeted nanopore sequencing
with adaptive sampling [11] on DNA samples obtained from three
normal controls and a patient with aHUS. In this patient, MLPA and
functional analysis demonstrated the causal variant to be a
paradigmatic CFH:CFHR1 recombination event but the exact
breakpoints of the SV were still to be determined [3]. To resolve
the exact breakpoint coordinates, we targeted the CFHR-Factor H
gene cluster region with adaptive sampling using the GRCh38.p14
assembly (chr1:196598161-197040250). Reads were then mapped
against both GRCh38.p14 (Fig. 1B) and T2T-CHM13 v.2 assemblies
(Fig. 2).

Aberrant alignment patterns, indicating major discrepancies
between the samples’ genomes and the T2T genome, were
observed in the aHUS sample and in controls 1 and 2 but not in
control 3 (Fig. 2). Owing to the repetitive nature of the region and
despite the long read lengths obtained (N50 of 18,423, 19,803,
25,354, and 21,423 bp for the aSHU patients and controls 1, 2, and
3, respectively) those aberrant patterns could not be resolved into
interpretable SVs, either by SV detection tools or manual review.
Importantly, evidence of the presence of the CFH:CFHR1 hybrid
gene visible on the GRCh38 alignment (Fig. 1B) was lost when
using T2T-CHM13 as a reference genome (Fig. 2). This demon-
strates that using the T2T as a reference genome can obscure
clinically relevant variations in the CFHR-Factor H gene cluster,
with major implications for the diagnosis of aHUS and other CFH-
related diseases.

CFHR-Factor H gene cluster is highly polymorphic [12]. In
particular, CFHR3-CFHR1 deletions are enriched in individuals of
African and East Asian descent (0.36 and 0.47 allele frequency,
respectively [12]) and an estimated 5% of the general population
presents a homozygous deletion [13]. The CHM13hTERT cell line
(as well as control 3 described here) could be a carrier of this
minor allele, explaining the absence of CFHR3 and CFHRT in the
T2T-CHM13 assembly. As no one individual can serve as a
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Fig. 1 Long-read sequencing and mapping against the GRCh38
reference genome reveal a structural variant in the CFHR-Factor H
cluster region, allowing the precise molecular diagnosis of aHUS.
A MANE-Select transcripts [15] in the CFHR-Factor H gene cluster
region in GRCh38 (top) and T2T-CMH13 (bottom). The CFHR3 and
CFHR1 genes (red) are absent from T2T-CMH13. Blue and red boxes
represent exons and gray lines introns. B Using GRCh38 as a
reference genome, split reads mapping both to the CFH and CFHR1
loci are indicative of the presence of a structural variant responsible
for the CFH::CFHR1 gene fusion, enabling the molecular diagnosis of
aHUS. Control 1 and control 2 show no such alignment pattern; the
absence of reads aligning on the CFHR3 and CFHR1 in control
3 suggests that this individual is a carrier of a polymorphic CFHR3-
CFHR deletion [12]. Note that all three alignment patterns are easily
interpretable; the aHUS patient data have been aligned with specific
parameters to better visualize SV breakpoints with split reads. On
this Integrative Genomics Viewer (IGV) visualization, blue lines and
boxes represent gene introns and exons, respectively, and gray
rectangles represent aligned reads. Thin horizontal light blue lines
connecting two portions of aligned reads indicate discontinuous
alignment (“split reads”).
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Fig. 2 The T2T-CMH13 reference genome generates aberrant
patterns of alignment in the CFHR-Factor H cluster region,
hindering the molecular diagnosis of aHUS. Alignment of control
1, control 2, and the aHUS patient’s long-read sequencing data
shows split reads mapped to the T2T-CMH13 CFHR-Factor H region
that cannot be resolved into structural variants, obscuring any
relevant variation, and making the region extremely challenging to
analyze. In particular, the CFH::CFHR1 gene fusion found in the aHUS
patient’s sequencing data aligned against GRCh38 (Fig. 1) is not
discernible anymore. Alignment data of control 3 show no such
aberrant pattern, suggesting that the subject carries the same
haplotype as the CHM13hTERT cell line used to generate T2T-
CMH13. On this IGV visualization, colored lines and boxes represent
gene introns and exons, respectively, and gray rectangles represent
aligned reads.
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perfect reference for all humankind, this is an intrinsic limit of
the current paradigm of genomics analysis (resequencing and
mapping against a linear reference sequence) that pangenome-
based methods aim to address in the future [14]. In the
meantime, scientists and clinicians working on complement-
related diseases should be aware that using the T2T-CHM13
assembly as a reference genome can impair the detection of
alterations involving CFHR-Factor H cluster genes. More broadly,
even though this new assembly is undoubtedly overall a net
upgrade from the previous reference genome, one should
carefully and systematically evaluate how the differences
between reference genomes can impact their specific object
of study.

DATA AVAILABILITY

The FASTQ files of reads aligning on the CFH-gene cluster region (GRCh38
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under the accession number PRINA916871. The complete sequencing data files are
available from the corresponding author upon reasonable request.
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