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  The global spread of carbapenem-resistant Enterobac-
terales (CRE) remains one of the most pressing chal-
lenges in contemporary infectious diseases and clinical 
microbiology. While the molecular epidemiology of CRE 
differs substantially across geographic regions, Japan has 
long exhibited a characteristic resistance profile dominat-
ed by IMP-type metallo-β-lactamase (MBL)-producing 
Enterobacterales, particularly those harboring blaIMP-6 

on pKPI-6–related plasmids. Unlike many carbapene-
mase-producing strains reported in Europe, the United 
States, and other parts of Asia, these Japanese IMP-type 
CRE isolates frequently retain susceptibility to amikacin 
(AMK), despite carrying aminoglycoside resistance-as-
sociated genes such as aac(6′)-Ib.
  In this issue of Laboratory Medicine International, Yo-
koyama et al. provide important insights into this unique 
microbiological phenomenon through a detailed molec-
ular analysis of carbapenem-resistant Escherichia coli 
isolates collected during a 13-year surveillance period 
in Osaka, Japan. Their study highlights the emergence 
of two multidrug-resistant E. coli strains that acquired 
clinically relevant resistance to AMK in addition to car-
bapenem and fluoroquinolone resistance. Importantly, 
the authors demonstrate that resistance was associated 
not simply with the presence of the commonly detected 
aac(6′)-Ib (L119S) variant, but rather with acquisition of 
additional aminoglycoside acetyltransferase genes, in-
cluding aac(6′)-Iae and aac(6′)-Ib-cr.
  This observation is clinically meaningful for several rea-

sons. First, AMK has often remained one of the limited 
therapeutic options against IMP-type CRE infections in 
Japan. The relative preservation of AMK susceptibility 
among IMP-6-producing Enterobacterales has influenced 
empirical treatment strategies and infection control per-
spectives in Japanese clinical settings. The present study 
suggests that this situation may change over time. The 
acquisition of supplementary resistance determinants 
capable of conferring higher AMK minimum inhibitory 
concentrations (MICs) could gradually reduce one of the 
few remaining antimicrobial vulnerabilities of these or-
ganisms.
  Second, the study illustrates how subtle genetic differ-
ences may significantly alter antimicrobial susceptibility 
profiles. The aac(6′)-Ib(L119S) variant itself appeared to 
confer only modest increases in AMK MICs, remaining 
below clinical resistance breakpoints. In contrast, acqui-
sition of aac(6′)-Iae or aac(6′)-Ib-cr was associated with 
substantially elevated AMK resistance. These findings 
emphasize that the mere presence of aminoglycoside 
resistance genes may not fully predict phenotypic resis-
tance and that detailed molecular characterization re-
mains essential for understanding resistance evolution.
  The identification of aac(6′)-Iae in E. coli is also note-
worthy. This gene has been reported predominantly in 
Pseudomonas aeruginosa and appears to be relatively 
uncommon in Enterobacterales. Its detection on an IncC 
plasmid raises concern regarding horizontal transfer of 
resistance determinants across bacterial species. Such in-
terspecies dissemination represents a critical mechanism 
driving the diversification of antimicrobial resistance in 
healthcare environments.
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  Another important aspect of this report is the continued 
predominance of ST131 among carbapenem-resistant E. 
coli isolates. ST131 is already recognized globally as a 
highly successful multidrug-resistant lineage associated 
with fluoroquinolone resistance and extended-spectrum 
β-lactamase production. The coexistence of ST131 with 
IMP-type carbapenemases and additional aminoglycoside 
resistance determinants may further enhance its clinical 
impact. Moreover, the detection of ST648 carrying dis-
tinct resistance determinants suggests that international 
dissemination and diversification of resistant lineages are 
ongoing processes that may increasingly influence the 
Japanese epidemiological landscape.
  From a laboratory medicine perspective, this study also 
underscores the importance of integrating phenotypic 
susceptibility testing with genomic surveillance. Carbap-
enemase-producing organisms do not necessarily exhibit 
uniform resistance profiles, and small genetic variations 
may substantially alter therapeutic options. Continuous 
molecular monitoring is therefore essential not only for 
epidemiological surveillance but also for guiding antimi-
crobial stewardship and informing infection control mea-
sures.
  Several limitations should be acknowledged. The study 
was conducted at a single institution, and only two 
AMK-resistant isolates were identified. Nevertheless, 
the detailed genomic and functional analyses provide 

valuable mechanistic insights and generate important hy-
potheses regarding the future evolution of IMP-type CRE 
in Japan.
  In summary, the work by Yokoyama et al. highlights a 
potentially important shift in the resistance characteris-
tics of IMP-type carbapenem-resistant E. coli. Although 
AMK susceptibility remains relatively preserved in many 
Japanese IMP-producing CRE isolates, acquisition of 
additional aminoglycoside resistance determinants may 
compromise this advantage. Their findings serve as a 
timely reminder that antimicrobial resistance is continu-
ously evolving and that resistance phenotypes previously 
considered characteristic of regional strains may change 
through ongoing genetic diversification. Continued ge-
nomic surveillance and careful interpretation of suscep-
tibility profiles will therefore remain indispensable in the 
management of CRE infections.
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A B S T R A C T

  The global spread of antimicrobial-resistant pathogens remains a major challenge in clinical practice. Among 
these, carbapenem-resistant Enterobacterales (CRE) are of particular concern, with their prevalence increas-
ing markedly across Asia. In Japan, most CRE isolates produce imipenemase (IMP)-type metallo-β-lactamases 
(MBLs). Moreover, many strains detected in western Japan carry pKPI-6–related plasmids and their derivatives 
harboring blaIMP-6, which confer resistance to carbapenems but characteristically retain susceptibility to the 
aminoglycoside amikacin. We conducted a 13-year surveillance study (2012–2024) of Escherichia coli isolates at 
a mixed-care medical facility in northern Osaka Prefecture, primarily serving patients requiring chronic care. 
Among 59 carbapenem-resistant E. coli strains identified, two exhibited resistance to both carbapenems and 
amikacin. Both isolates carried blaIMP-6 and the aminoglycoside 6′-N-acetyltransferase (aac(6′)-Ib) genes with an 
aac(6′)-Ib variant associated with reduced amikacin resistance, arranged in tandem on the same plasmid. Further-
more, one strain harbored the aac(6′)-Iae, which appears to represent a rarely documented occurrence in E. coli, 
whereas the other carried aac(6′)-Ib-cr. Cloning experiments and minimum inhibitory concentrations (MICs) anal-
yses identified aac(6′)-Iae and aac(6′)-Ib-cr as the likely principal contributors to amikacin resistance in these 
isolates, whereas the contribution of the aac(6′)-Ib(L119S) variant appeared limited. Genome database analysis 
of IMP-type MBL-producing CRE prevalent in Japan suggested parallel dissemination of blaIMP and the aac(6′)-
Ib(L119S) variant, which may partly explain the high proportion of isolates that remain susceptible to amikacin. 
Continued surveillance is warranted to monitor potential shifts in resistance profiles, including the emergence of 
isolates with increased resistance to amikacin.
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I. Introduction.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  The increasing prevalence of antimicrobial-resistant 
bacteria represents a major global health challenge. In 
2024, the World Health Organization (WHO) updated the 

“Bacterial Priority Pathogens List”, highlighting carbap-
enem-resistant Acinetobacter, carbapenem-resistant and 
third-generation cephalosporin-resistant Enterobactera-
les, and rifampicin-resistant Mycobacterium tuberculosis 
as pathogens of particular concern 1). Among these, car-
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bapenem-resistant Enterobacterales (CRE) have shown 
a particularly marked increase in prevalence, especially 
in Asia 2).
  Enterobacterales, including Escherichia coli and Klebsi-
ella species, are major causes of clinical infections, such 
as urinary tract infections and sepsis. A subset of these 
organisms exhibits resistance to imipenem (IPM) and 
meropenem (MEPM) by producing carbapenemases. 
Globally, CRE strains producing carbapenemases such 
as New Delhi metallo-β-lactamase (NDM), Klebsiella 
pneumoniae carbapenemase (KPC), and oxacillinase 
(OXA) are frequently multidrug-resistant 3)4). These 
strains often display resistance to fluoroquinolones, in-
cluding ciprofloxacin (CPFX) and levofloxacin (LVFX), 
due to chromosomal mutations in the quinolone resis-
tance-determining region (QRDR), as well as resistance 
to aminoglycosides, such as amikacin (AMK), mediated 
by aminoglycoside acetyltransferases or 16S rRNA meth-
yltransferases 3)5)-7). In contrast, in Japan, most CRE iso-
lates harbor imipenemase (IMP)–type metallo- β -lact-
amases (MBLs) encoded on transmissible plasmids 8). In 
western Japan in particular, pKPI-6–related plasmids and 
their derivatives carrying blaIMP-6, aac(6′)-Ib, and blaCTX-M-2 
have become predominant 9)10). Although these strains 
are typically resistant to fluoroquinolones, the vast ma-
jority remain clinically susceptible to the AMK 11)–13).
  Previously, we analyzed carbapenem-resistant E. coli 
isolates collected between 2012 and 2016 at a healthcare 
facility in northern Osaka Prefecture, Japan, and reported 
their molecular epidemiology and some resistance deter-
minants 12). Continued surveillance through 2024 led to 
the identification of two extensively drug-resistant E. coli 
strains that exhibited resistance to carbapenems, fluoro-
quinolones, and AMK. The present study aims to eluci-
date the resistance mechanisms underlying this atypical 
phenotype and to explore potential factors contributing to 
the preserved amikacin susceptibility observed in most 
IMP-type MBL–producing CRE strains detected in Japan.

II. Subjects and Methods.............................................

Target strains
  This study focused on clinical strains of E. coli isolated 
between 2012 to 2024 at a mixed-care medical facility 
in the northern part of Osaka Prefecture, Japan. This 
facility has approximately 900 beds and mostly serves 
patients requiring chronic care. The AUH-81 strain was 
the first carbapenem-resistant E. coli detected at this 
institution 12). It was therefore selected as a representative 
AMK-susceptible strain, because it reflects the suscepti-

bility profile commonly observed among IMP-type CRE 
isolates in Japan. AUH-256 and AUH-310 were identified 
as extensively drug-resistant strains exhibiting resistance 
to MEPM, AMK, and LVFX. Escherichia coli DH5α was 
used as the reference laboratory strain (Table 1).

Antimicrobial susceptibility testing
  Antimicrobial susceptibility testing for the target strains 
was performed using the MicroScan WalkAway plus Sys-
tem (Beckman Coulter). The drug panel used was Neg 
EN Combo 1J, which included MEPM, AMK, and LVFX. 
Testing was conducted in accordance with the Clinical 
and Laboratory Standards Institute (CLSI) guidelines 14), 
and the results were interpreted as susceptible (S), 
intermediate (I), or resistant (R). Minimum inhibitory 
concentrations (MICs) for AMK and CPFX were de-
termined using the broth microdilution according to the 
CLSI guidelines to further characterize resistance levels.

Whole-genome DNA sequencing and multilocus 
sequence typing (MLST) analysis
  The target strains AUH-81, AUH-256, and AUH-310 
were cultured in LB medium supplemented with 4 µg/
mL of MEPM, and genomic DNA was extracted using the 
QIAamp DNA Mini Kit (QIAGEN). Long-read sequenc-
ing was performed using the MinION (Oxford Nanopore 
Technologies) with an R9.4.1 flow cell and the Ligation 
Sequencing Kit (SQK-LSK110), whereas short-read se-
quencing was conducted using the NovaSeq 6000 (Illumi-
na). Hybrid assembly was carried out with Unicycler 15), 
which integrates both long- and short-read data, to ob-
tain complete genome sequences, including plasmids. 
Gene annotation was performed using DFAST 16). The 
sequences of the MLST target regions of these strains 
were extracted from the whole-genome sequencing data, 
and sequence types (STs) were determined using En-
teroBase 17).

Analysis of  aminoglycoside acetyltransferase-
harboring plasmids
  Based on whole-genome DNA sequencing results, all 
isolates were screened for aminoglycoside acetyltrans-
ferase genes known to confer AMK resistance. For iso-
lates carrying these genes, the corresponding plasmids 
were further characterized and compared with pKPI-6 
(AB616660), the predominant plasmid reported in west-
ern Japan. Plasmid replicon types were identified using 
PlasmidFinder 2.0 18). Plasmid copy number was estimat-
ed by calculating average read depth using SAMtools 19), 
and determining the ratio of mean plasmid coverage to 
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mean chromosomal coverage. Promoter variants were 
classified according to previously reported Pc promoter 
sequences 20), and the promoter regions were compared 
among the isolates (Table 2).

Cloning of  genes conferring resistance to AMK
  The aac(6′)-Ib gene from AUH-81 was cloned by digest-
ing genomic DNA using EcoRI and SalI and inserting a 
3,453-bp DNA fragment into the corresponding sites of 
pUC118. This insert was subsequently transferred to the 
EcoRI and XhoI sites of the low-copy plasmid pNIT6011 
(accession no. AB043475) 21)22) to construct pINN464. 
Similarly, a 1,677-bp SphI/EcoRI fragment containing the 
aac(6′)-Iae from AUH-256 was inserted into the SphI/Eco-
RI sites of pNIT6011 to generate pINN466. Moreover, 
a 1,314-bp SphI/HindIII fragment containing the aac(6′)-
Ib from AUH-256 was cloned into the SphI/HindIII sites 
of pNIT6011 to construct pINN468. Furthermore, a 

2,382-bp SphI/BglII fragment containing the aac(6′)-Ib-cr 
from AUH-310 was inserted into the SphI/BglII sites of 
pNIT6011 to obtain pINN472. In addition, the aac(6′)-Ib 
gene from AUH-310 was amplified by PCR using KOD-
plus DNA polymerase (TAKARA) with primers sul1_
R 23) and aac6Ib_R 24), yielding a 1,020-bp product that 
was cloned into the SphI/EcoRI sites of pNIT6011 to 
construct pINN474. All constructs were introduced into 
E. coli DH5α for MIC determination. Cloning procedures 
were performed as described previously 25), ensuring that 
each insert included the existing Pc promoter upstream 
of the target gene (Table 1, Figure 1).

Data availability
  The whole-genome DNA sequencing data are deposit-
ed in DDBJ accession numbers as follows: E. coli AUH-
81, genome (accession no. AP044703) and plasmids 
pAU81-1 (AP044704), pAU81-2 (AP044705), pAU81-

Table 1  E. coli strains and plasmids used in this study

Strains & plasmids Relevant characteristics Reference or sources

Strains

DH5α
F-/endA1 hsdR17 (rk-, mk+) supE44 thi-1 recA1 gyrA
relA1D(lacIZYA-argF)U169 deoR (F80dlacD(lacZ)M15)

Bethesda Research Laboratories

AUH-81 MEPMR, LVFXR Maki et al. 2020

AUH-256 MEPMR, AMKR, LVFXR Maki et al. 2020

AUH-310 MEPMR, AMKR, LVFXR This study

Plasmids

pUC118 ApR, ColE1 replicon Vieira et al. 1987

pNIT6011 TcR, pACYC177 and pVS1 replicons Itoh et al. 2001 (AB043475)

pKPI-6 MEPMR, IncN replicon Kayama et al. 2015 (AB616660)

pINN464 TcR, pNIT6011 derivative carrying aac(6́ )-Ib of AUH-81 This study

pINN466 TcR, pNIT6011 derivative carrying aac(6́ )-Iae of AUH-256 This study

pINN468 TcR, pNIT6011 derivative carrying aac(6́ )-Ib of AUH-256 This study

pINN472 TcR, pNIT6011 derivative carrying aac(6́ )-Ib-cr of AUH-310 This study

pINN474 TcR, pNIT6011 derivative carrying aac(6́ )-Ib of AUH-310 This study
MEPMR, meropenem; AMKR, amikacin; LVFXR, levofloxacin; ApR, ampicillin; TcR, tetracycline.

Table 2  Analysis of plasmids and acetyltransferase promoters and amikacin MICs in carbapenem-resistant E. coli isolates

Strains Plasmids
Replicon

types
Plasmid copy

numbers
Target
genes

Promoter
variants

-35
sequence

Spacer
region

-10
sequence

Amikacin
MICs (μg/mL)

AUH-81 pAU81-1
IncFIA/IncFIB/
IncFII/IncN †

1.81 aac(6́ )-Ib †† PcH1 TGGACA 17 TAAACT 4

AUH-256
pAU256-1
pAU256-3

IncC
IncN

5.91
1.01

aac(6́ )-Iae
aac(6́ )-Ib ††

PcH1
PcH1

TGGACA
TGGACA

17
17

TAAACT
TAAACT

128

AUH-310 pAU310-1
IncFIA/IncFIB/
IncFII/IncN †

2.00
aac(6́ )-Ib ††

aac(6́ )-Ib-cr
PcH1
PA

†††

TGGACA
TTGCAA

17
17

TAAACT
CATAAT

64

MICs, minimum inhibitory concentrations
† Circular multireplicon plasmid (IncFIA/IncFIB/IncFII/IncN replicons).
†† aac(6́ )-Ib identified in this study was the L119S variant.
††† The sequence TTGCAA–N17–CATAAT was designated as PA in this study.
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3 (AP044706), pAU81-4 (AP044707); E. coli AUH-256, 
genome (AP044708) and plasmids pAU256-1 (AP044709), 
pAU256-2 (AP044710), pAU256-3 (AP044711), pAU256-
4 (AP044712), pAU256-5 (AP044713), pAU256-6 
(AP044714); E. coli AUH-310, genome (AP044715) and 
plasmids pAU310-1 (AP044716), pAU310-2 (AP044717), 
pAU310-3 (AP044718), pAU310-4 (AP044719), pAU310-
5 (AP044720), pAU310-6 (AP044721).

Statistical analysis
  All data were analyzed using descriptive statistics. No 
further statistical hypothesis testing was performed.

III. Results.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Antimicrobial susceptibility testing
  Antimicrobial susceptibility testing was conducted on a 
total of 5,675 E. coli isolates collected over a 13-year pe-
riod (2012–2024), mostly from patients receiving long-
term chronic care. Fifty-nine carbapenem-resistant E. 
coli strains were identified. Among these, two extensive-
ly drug-resistant strains (AUH-256 and AUH-310) were 
detected and exhibited resistance to all tested carbapen-
ems (MEPM), fluoroquinolones (LVFX), and aminogly-
cosides (AMK) (Table 3).

Table 3  Comparison of carbapenem-resistant E. coli isolates AUH-81, AUH-256, and AUH-310

Strains MLSTs
Breakpoints

MBLs AACs
mutations

MEPM AMK LVFX aac(6')-Ib gyrA parC

AUH-81 ST131 R S R blaIMP-6 aac(6́ )-Ib L119S
S83L
D87N

S80I

AUH-256 ST131 R R R blaIMP-6

aac(6́ )-Ib
aac(6́ )-Iae

L119S
S83L
D87N

S80I

AUH-310 ST648 R R R blaIMP-6

aac(6́ )-Ib
aac(6́ )-Ib-cr

L119S
S83L
D87N

S80I

MLST, multilocus sequence typing; MBL, metallo-β-Lactamase; AAC, aminoglycoside acetyltransferase;
MEPM, meropenem; AMK, amikacin; LVFX, levofloxacin.

Figure legends

Figure 1. Comparison of plasmids harboring antimicrobial resistance genes and their cloning sites.

Plasmids were obtained from E. coli strains AUH-81 (pAU81-1), AUH-256 (pAU256-1 and pAU256-3), and

AUH-310 (pAU310-1). In addition, pKPI-6 is shown as a representative plasmid predominantly detected in

CRE isolates in western Japan.

β-lactamase genes are indicated by blue arrows, aminoglycoside acetyltransferase genes by red arrows,

PCR-amplified regions by yellow double-headed arrows, promoter regions by green lines, and restriction

enzyme sites by black bent lines. aac(6′)-Ib identified in this study corresponds to the L119S variant. DNA

fragments were inserted into pNIT6011 as appropriate.

Figure 1   Comparison of plasmids harboring antimicrobial resistance genes and their cloning sites.
Plasmids were obtained from E. coli strains AUH-81 (pAU81-1), AUH-256 (pAU256-1 and pAU256-3), and AUH-
310 (pAU310-1). In addition, pKPI-6 is shown as a representative plasmid predominantly detected in CRE isolates in 
western Japan.
β -lactamase genes are indicated by blue arrows, aminoglycoside acetyltransferase genes by red arrows, PCR-amplified 
regions by yellow double-headed arrows, promoter regions by green lines, and restriction enzyme sites by black 
bent lines. aac(6´)-Ib identified in this study corresponds to the L119S variant. DNA fragments were inserted into 
pNIT6011 as appropriate.
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Whole-genome DNA sequencing and MLST analysis
  Hybrid assembly confirmed that AUH-81 harbored a 
5,186,478-bp chromosome and four circular plasmids. 
Among these, a 164,976-bp circular multireplicon plasmid 
(IncFIA/IncFIB/IncFII/IncN) designated pAU81-1, car-
ried blaIMP-6, aac(6′)-Ib, and blaCTX-M-2. AUH-256 harbored 
a 5,034,660-bp chromosome and six plasmids, including a 
159,301-bp IncC plasmid pAU256-1 and a 51,484-bp IncN 
plasmid pAU256-3. Comparative analysis demonstrated 
that pKPI-6 and pAU256-3 shared 99.9% average nucleo-
tide identity (ANI) across 98.8% of their aligned regions, 
indicating that pAU256-3 is a pKPI-6–related plasmid. 
Moreover, the 1,314-bp SphI/HindIII fragment harboring 
aac(6′)-Ib was identical in sequence between the two plas-
mids. AUH-310 contained a 5,098,348-bp chromosome 
and six plasmids, including a 193,783-bp circular multire-
plicon plasmid (IncFIA/IncFIB/IncFII/IncN) designated 
pAU310-1 (Figure 1, Table 2).
  Multilocus sequence typing (MLST) analysis showed 
that AUH-81 and AUH-256 belonged to ST131, which is 
frequently associated with carbapenem-resistant E. coli 
in Japan 26), whereas AUH-310 was classified as ST648 
(Table 3).

Analysis of  carbapenem and fluoroquinolone 
resistance determinants
  Whole-genome sequencing revealed that AUH-81, 
AUH-256, and AUH-310 each harbored plasmids en-
coding blaIMP-6 (Figure 1). In addition, all three strains 
harbored mutations in the chromosomal gyrA and parC 
genes 27)28), which are known to confer high-level fluoro-
quinolone resistance (Table 3). These findings indicate 
that the presence of plasmid-mediated blaIMP-6, together 
with chromosomal mutations in gyrA and parC, rep-

resents the major mechanisms underlying resistance to 
carbapenems and fluoroquinolones in these strains.

Analysis of  AMK resistance determinants
  Whole-genome sequencing revealed that AUH-81, AUH-
256, and AUH-310 each carried the aac(6′)-Ib gene on their  
plasmids (Figure 1). These plasmids were low-copy-num-
ber and shared the integron-associated PcH1 promoter 
variant, which is associated with moderate promoter 
strength (Table 2). All three isolates also carried the 
previously reported aac(6′)-Ib(L119S) substitution 29). This 
mutation has been shown to reduce susceptibility to AMK, 
whereas it increases resistance to gentamicin. MIC testing 
of the cloned strains carrying aac(6′)-Ib(L119S) (DH5α/
pINN464, DH5α/pINN468, and DH5α/pINN474) demon-
strated only a modest increase in AMK MICs. These find-
ings indicate that this gene alone does not confer clinically 
relevant resistance (MIC ≥ 32 µg/mL) according to the 
CLSI standards (Table 4).
  Conversely, AUH-256, which was resistant to AMK, car-
ried both aac(6′)-Ib(L119S) and aac(6′)-Iae. The cloned 
strain harboring aac(6′)-Iae(DH5α/pINN466) exhibited a 
marked increase in AMK MIC. Considering the estimat-
ed plasmid copy number and the strength of the PcH1 
promoter, these findings suggest that aac(6′)-Iae is likely 
the principal determinant of AMK resistance in AUH-
256. Similarly, AUH-310 carried both aac(6′)-Ib(L119S) 
and aac(6′)-Ib-cr. The cloned strain harboring aac(6′)-Ib-cr 
(DH5α/pINN472) exhibited elevated AMK MICs, sug-
gesting that aac(6′)-Ib-cr is the likely primary determinant 
of AMK resistance in AUH-310. Moreover, aac(6′)-Ib-cr is 
also known to increase resistance to CPFX 30), and in this 
study, the cloned strain DH5α/pINN472 exhibited a slight 
increase in CPFX resistance as well (Table 4).

Table 4  Minimum inhibitory concentrations of target resistant gene clones

Strains
Target genes MICs (μg/mL)

aac(6')-Ib † aac(6')-Ib-cr aac(6')-Iae AMK CPFX

DH5α
DH5α/pNIT6011

－

－

－

－

－

－

0.5
0.5

0.025
0.025

AUH-81
DH5α/pINN464

＋

＋

－

－

－

－

4
4

64
n.d.

AUH-256
DH5α/pINN466
DH5α/pINN468

＋

－

＋

－

－

－

＋

＋

－

128
64
2

128
0.025
n.d.

AUH-310
DH5α/pINN472
DH5α/pINN474

＋

－

＋

＋

＋

－

－

－

－

64
16
2

512
0.05
n.d.

MICs, minimum inhibitory concentrations; AMK, amikacin; CPFX, ciprofloxacin; n.d., not done.
† aac(6')-Ib identified in this study was the L119S variant.
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IV. Discussion.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  At a medical facility in Osaka City—the site of the first 
reported healthcare-associated infections caused by CRE 
in Japan—the causative organisms were E. coli and Kleb-
siella spp. harboring pKPI-6–related plasmids and their 
derivative plasmids carrying the IMP-6–type MBL gene 
and the CTX-M-2 group extended-spectrum beta-lact-
amase (ESBL) gene 10). Subsequent reports have shown 
that CRE isolates detected in western Japan share similar 
characteristics 8), a pattern also observed in the present 
study. These IMP-6–type MBLs belong to the IMP-1 
group, in which part of the amino acid sequence of IMP-1 
is substituted, and are known to hydrolyze MEPM more 
efficiently than IPM 31). Consequently, strains producing 
IMP-6–type MBL may appear susceptible to IPM, poten-
tially leading to delayed detection and implementation of 
infection control measures. Careful interpretation of sus-
ceptibility profiles is therefore essential.
  Many of the CRE strains detected in Japan remain sus-
ceptible to AMK despite harboring aac(6′)-Ib. Analysis of 
genome database entries of CRE isolates detected and 
registered in Japan identified several strains, includ-
ing IMP-6–type MBL-producing E. coli (accession no. 
AP022350) 32), IMP-6–type MBL-producing K. pneu-
moniae (accession no. AP022358) 32), and IMP-1–type 
MBL-producing E. coli (accession no. LC720959) 33), 
which carry the aac(6′)-Ib(L119S) variant, which carries 
a mutation located immediately upstream of the IMP-type 
MBL gene. This variant is considered one of the factors 
contributing to the continued susceptibility of many IMP-
type MBL–producing CRE isolates to AMK in Japan. 
Consistent with these findings, a previous study reported 
that AMK MIC of a strain harboring aac(6′)-Ib(L119S) 
was approximately one-eighth of that observed in a strain 
carrying the wild-type gene 29), with the MIC remaining 
below the CLSI breakpoint. However, despite MIC values 
below the CLSI breakpoint, the potential for residual en-
zymatic activity suggests that caution may be warranted 
in clinical practice, for example, by avoiding AMK mono-
therapy and considering its use in combination with other 
antimicrobial agents 34)35).
  In the AUH-256 strain, which was resistant to AMK, 
both aac(6 ′)-Ib(L119S) and aac(6 ′)-Iae were detected, 
and aac(6′)-Iae has previously been reported primarily in 
Pseudomonas aeruginosa isolates in Japan 36). Its identifi-
cation in E. coli in this study appears to represent a rare 
occurrence. This gene was located on an IncC plasmid 37), 
a large multidrug resistance plasmid, suggesting the pos-

sibility of interspecies transmission from P. aeruginosa. 
Furthermore, the AUH-310 strain, which also exhibited 
resistance to AMK, carried both aac(6 ′)-Ib(L119S) and 
aac(6′)-Ib-cr. The aac(6′)-Ib-cr is known to confer resis-
tance to both AMK and CPFX, and when combined with 
gyrA and parC mutations, it can substantially enhance 
fluoroquinolone resistance 30). Collectively, these findings 
suggest that in CRE carrying IMP-type MBL—frequently 
detected in Japan—clinically relevant AMK resistance 
may arise through acquisition of additional determi-
nants, such as aac(6′)-Iae or aac(6′)-Ib-cr, whereas aac(6′)-
Ib(L119S) alone appears insufficient to confer clinically 
relevant AMK resistance in the isolates examined in this 
study.
  The AUH-81 and AUH-256 strains, analyzed in this 
study, belonged to ST131, which has been reported as 
the dominant lineage among clinical E. coli isolates 8). 
In contrast, the AUH-310 strain belonged to ST648, a 
lineage reported in the European Economic Area to car-
ry NDM-type MBL and OXA-type ESBL 38). Although 
ST648 has been detected only rarely in Japan, one case 
was reported in a patient with a history of hospitalization 
in India 39). Moreover, the AUH-310 strain carried OXA-
type ESBL genes, representing resistance determinants 
distinct from those identified in the AUH-81 and AUH-
256 strains. With the increase in international travel, the 
potential exists for regionally prevalent plasmids to dis-
seminate into strains with diverse genetic backgrounds, 
potentially contributing to the emergence of new multi-
drug-resistant lineages. 
  This study has several limitations. The isolates were 
obtained from a single medical facility in northern Osa-
ka, and therefore, the findings may not be generalizable 
to the entire Japanese healthcare setting. Furthermore, 
only two aminoglycoside-resistant isolates were identi-
fied, limiting the strength of conclusions regarding the 
relative contribution of individual aac(6′) genes to AMK 
resistance. Further studies involving a larger number of 
isolates, as well as experimental assessments of plasmid 
transmissibility and functional analyses, are warranted. In 
addition, for the extensively drug-resistant strains iden-
tified in this study, assessment of plasmid transferability 
and exploration of effective therapeutic options remain 
necessary. Nevertheless, the identification of distinct 
genetic mechanisms underlying AMK resistance in IMP-
type MBL–producing isolates highlights the ongoing 
diversification of resistance determinants. Continuous 
surveillance and molecular characterization of these de-
terminants will therefore be important for improving our 
understanding of emerging resistance patterns and for 
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informing appropriate antimicrobial treatment strategies.
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A B S T R A C T

Background: Bacterial meningitis (BM) is a life-threatening condition requiring early diagnosis and treatment 
to prevent severe complications; however, traditional diagnostic methods, such as cerebrospinal fluid (CSF) 
analysis, Gram staining, and bacterial cultures, can be slow/nonspecific. Therefore, novel biomarkers are needed. 
IL-6 levels increase during inflammatory responses, whereas procalcitonin (PCT) levels specifically increase 
during bacterial infections. Herein, we investigated the utility of CSF IL-6 and PCT levels to differentiate BM 
from other central nervous system (CNS) diseases.
Methods: CSF samples were collected from 70 patients (mean age, 37.5 years; SD, 17.8 years; male/female, 
36/34) treated at Kawaguchi Municipal Medical Center between September 2022 and 2023. Blood samples were 
additionally collected from 53 patients. BM was diagnosed based on clinical symptoms, culture results, and anti-
biotic responses. CSF IL-6 and PCT concentrations were measured using electrochemiluminescence immunoas-
says. 
Results: CSF IL-6 and PCT levels were significantly higher in patients with BM than those with non-bacterial 
CNS diseases. Receiver operating characteristic analysis revealed that CSF PCT had a higher diagnostic accu-
racy (area under the curve = 0.887) than CSF IL-6 and cell counts. Concurrent measurement of CSF IL-6 and 
PCT levels improved the specificity of BM diagnosis from 0.71 to 0.95.
Conclusions: Combining CSF IL-6 and PCT measurements provides better diagnostic accuracy for BM than 
either marker alone. CSF IL-6 primarily reflects intrathecal production, and although a weak correlation with se-
rum IL-6 was observed, it remains unclear whether serum IL-6 contributes to CSF levels. PCT remains highly 
specific to bacterial infections.Further large-scale studies are required to validate these findings and confirm the 
utility of these biomarkers in clinical settings.
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I. Introduction.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  Bacterial meningitis (BM) is a treatable disease if di-
agnosed and managed early; however, delayed treatment 
can result in severe sequelae or death. Therefore, early 
diagnosis and prompt therapeutic intervention are cru-
cial 1). The diagnostic tests for this disease include bio-
chemical analysis of the cerebrospinal fluid (CSF), Gram 
staining, bacterial culture, and neuroimaging (computed 
tomography and magnetic resonance imaging). Among 
these, the presence of bacteria in the CSF observed on 
Gram staining or bacterial culture is considered the gold 
standard method for diagnosis 1), 2). However, bacterial 
culture is time consuming, and is sometimes too slow 
in clinical settings. An increased CSF cell count is a key 
indicator for diagnosing BM. However, some rare cases 
present with no increases in the early stages of BM. Fur-
thermore, cell count elevation is observed in other condi-
tions, such as non-BM or Behçet’s disease 3), making di-
agnosis challenging. Therefore, the development of novel 
biomarkers that offer both accurate and rapid results for 
BM diagnosis is highly desirable in clinical practice.
  Interleukin-6 (IL-6) is a glycoprotein with a molecular 
weight of 21,000–26,000, produced by T cells and mac-
rophages. IL-6, a type of cytokine with diverse physio-
logical functions in the body, increases in autoimmune 
diseases and infections 4)-6). Measuring IL-6 levels in the 
CSF has been reported as useful for diagnosing inflam-
matory diseases, such as Behçet’s disease, neuromyelitis 
optica spectrum disorders, and acute brain injuries 7)-9). 
These reports support the notion that IL-6 levels in-
crease in diseases in which lymphocytes and macro-
phages are activated. In contrast, procalcitonin (PCT), 
a precursor of calcitonin, is a polypeptide comprising 
116 amino acids with a molecular weight of 13,000, and 
is synthesized in the C cells of the thyroid gland. PCT 
levels specifically increase during bacterial inflamma-
tion 10),11), and are widely used in clinical settings owing 
to their rapid measurement. Several prior studies have 
revealed the usefulness of CSF PCT for diagnosing BM 
and intracranial infections after craniotomy 12)-15). While 
both IL-6 and PCT have been individually studied as 
biomarkers for meningitis, there is a lack of studies com-
paring their diagnostic values within the same cohort. 
Furthermore, differentiating between BM and non-BM 
remains a clinical challenge, and reliable biomarkers are 
required. Therefore, we aimed to measure IL-6 and PCT 
levels in CSF samples to assess their combined utility 
in distinguishing BM from other central nervous system 
(CNS) diseases. Consequently, we sought to elucidate 

the specific diagnostic advantages of CSF IL-6 and PCT 
compared with prior studies that have focused on each 
marker separately.

II. Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  In the present study, we used CSF samples from 70 
patients, with 52 paired blood samples, from patients sub-
mitted to the Department of Laboratory Medicine at the 
Kawaguchi Municipal Medical Center between Septem-
ber 2022 and September 2023. The patients’ age and sex 
were calculated as follows: age: 37.5 years (mean age, 
SD: 17.8 years), sex: 36 males, 34 females. Inclusion and 
exclusion criteria were applied according to the study 
protocol.
  The CSF and blood samples used in this study were 
residual samples after diagnostic testing was completed. 
CSF samples that exhibited reddish coloration or sus-
pected blood contamination were excluded. Additionally, 
samples with insufficient volumes that prevented the 
simultaneous measurement of IL-6 and PCT levels were 
excluded. The BM group included patients diagnosed 
with BM based on positive or negative CSF culture re-
sults, CSF biochemical tests, imaging findings, clinical 
symptoms, and improvement after antimicrobial thera-
py. Other CNS diseases with increased CSF cell counts 
were diagnosed based on neurological findings, imaging 
(computed tomography and magnetic resonance imag-
ing) tests, electrophysiological tests, and clinical course. 
Participants were classified into three groups based on 
their diagnosis: non-CNS diseases (non-CNS), BM, and 
non-bacterial CNS diseases (non-BM).
  After collecting CSF samples, the CSF cell count, glu-
cose concentration, protein concentration, CSF IL-6 con-
centration, and CSF PCT concentration were measured. 
Additionally, IL-6 and PCT concentrations were mea-
sured in blood samples collected on the same day. IL-6 
and PCT concentrations in both the CSF and blood were 
measured using the electrochemiluminescence immuno-
assay method with the Cobas Pro e801 analyzer (Roche 
Diagnostics Co., Ltd.).
  Comparisons between groups were performed using 
the Steel-Dwass test. Correlations were examined using 
Spearman’s rank correlation coefficients. The normality 
of the distribution of continuous data was assessed using 
the Shapiro–Wilk test, with results confirming that the 
data were not normally distributed. Therefore, the data 
are presented as medians and interquartile ranges. Statis-
tical analysis was performed using JMP Pro Ver.17, with a 
two-tailed p-value of <0.05 considered statistically signif-
icant. This study was approved by the Ethics Committee 
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of the Kawaguchi Municipal Medical Center (2021-13).

III. Results.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1. �Comparison of  IL-6 and PCT levels in bacterial 
and non-bacterial CNS diseases

  Concentrations of IL-6 and PCT in the BM group were 
significantly higher than those in the non-BM group (Ta-
ble 1). The PCT concentration in the non-CNS group 
was significantly lower in the CSF than in the blood (Fig. 
1). In non-BM cases, CSF IL-6 levels above the cutoff 
value were observed in six cases from the non-CNS 
group and 12 cases from the non-BM group. CSF PCT 
levels above the cutoff value were observed in four pa-
tients from the non-CNS group and five patients from the 
non-BM group.
2. �Diagnostic accuracy of  CSF IL-6, PCT, and cell 

count in BM
  Receiver operating characteristic analysis was conduct-
ed to evaluate the diagnostic capabilities of CSF IL-6, 
PCT, and cell counts for the diagnosis of BM. The areas 
under the curve (AUCs) were calculated for each param-
eter. The results showed an AUC of 0.881 for CSF IL-
6, 0.887 for CSF PCT, and 0.824 for CSF cell count. The 
CSF PCT level showed the highest diagnostic ability for 
BM (Fig. 2).
3. �Correlations between serum and CSF IL-6 and 

PCT levels
  Subsequently, the correlations between the serum and 
CSF levels of IL-6 and PCT were examined. A weak pos-
itive correlation was identified between CSF and serum 
IL-6 levels, suggesting that serum concentration affects 
CSF IL-6 levels. No significant correlations were ob-
served between the CSF and serum PCT levels (Fig. 3).
4. �Combined use of  CSF IL-6 and PCT for 

improved diagnosis of  BM
  Based on these findings, CSF IL-6 and PCT levels 
showed a higher diagnostic accuracy for BM than CSF 
cell count. Consequently, we investigated whether the 

simultaneous measurement of CSF IL-6 and PCT levels 
could improve the diagnostic capability for BM compared 
with each marker measured individually. When the cutoff 
values for BM were set at 15.4 pg/mL for CSF IL-6 and 
0.173 ng/mL for CSF PCT, the specificity for diagnosing 
BM increased from 0.71 (when measuring only CSF 
IL-6 concentration) to 0.95 (when both CSF IL-6 and 
PCT exceeded their respective cutoff values). However, 
the sensitivity for diagnosing BM when both biomarker 
exceeded the cutoff value decreased from 1.00 to 0.88 
(Fig. 4 and Table 2). The corresponding cutoff values 
for serum IL-6 and PCT are presented in Supplementary 
Figure 1. The AUC values for serum IL-6 and PCT were 
0.6702 and 0.644, respectively. These results indicate 
that serum IL-6 and PCT alone do not provide sufficient 
diagnostic performance to reliably distinguish BM from 
non-BM cases (Supplementary Fig. 1).

IV. Discussion.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  In the present study, we evaluated the diagnostic capa-
bility of CSF IL-6 and PCT concentrations as quantitative 
biomarkers of BM. We confirmed that the CSF concen-
trations of these biomarkers were significantly higher in 
patients with BM than in those without BM. Additionally, 
the combination of CSF IL-6 and PCT measurements 
showed potential as biomarkers with high sensitivity and 
specificity, particularly in patients with BM.
  Regarding CSF IL-6, previous studies have shown its 
utility for the diagnosis of BM 16),17). Consistent with 
these reports, our findings confirmed the usefulness 
of CSF IL-6 in the diagnosis of BM (Fig. 1(a)). Based 
on our results, CSF IL-6 appears to have a relatively 
high sensitivity for diagnosing BM. CSF IL-6 primari-
ly reflects intrathecal production, and although a weak 
correlation with serum IL-6 was observed, it remains 
unclear whether serum IL-6 contributes to CSF levels. 
(Fig. 3(a)). Furthermore, even in the non-BM group, 
the CSF IL-6 levels tended to increase (Fig. 1(a)). This 

Table 1  Patient characteristics

Non-CNS (N=36) BM (N=8) Non-BM (N=26)

Age 29.3 ± 33.6 40.8 ± 38.6 44.1 ± 30.6

Male/Female 17/19 5/3 14/12

CSF IL-6 (pg/mL) 12.6 ± 21.4 1146.5 ± 2388.1 572.5 ± 2541.5

IL-6 (pg/mL) 66.9 ± 140.5 (n=25) 58.84 ± 55.0 (n=5) 44.6 ± 59.2 (n=22)

CSF PCT (ng/mL) 0.131 ± 0.070 1.031 ± 2.006 0.132 ± 0.069

PCT (ng/mL) 0.356 ± 0.914 (n=25) 1.451 ± 2.902(n=5) 0.776 ± 3.111 (n=22)

CSF cells (cell/µL) 1.4 ± 0.9 45.6 ± 89.8 30.7 ± 70.0

CSF, cerebrospinal fluid; IL-6, interleukin-6; PCT, procalcitonin; BM, bacterial meningitis; non-CNS, non-
central nervous system diseases; non-BM, non-bacterial central nervous system diseases
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Figure 1   Comparison of IL-6 and PCT concentrations among the non-CNS, BM, and non-BM groups. CSF, cerebro-
spinal fluid; IL-6, interleukin-6; PCT, procalcitonin; BM, bacterial meningitis; non-CNS, non-central nervous system 
diseases; non-BM, non-bacterial central nervous system diseases.
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Figure 4   Distribution of participants according to 
the IL-6 and PCT concentrations in the CSF. 
The distribution of participants in the BM group (n=70) 
according to their CSF IL-6 and CSF PCT concentra-
tions are shown.
CSF, cerebrospinal fluid; IL-6, interleukin-6; PCT, 
procalcitonin; BM, bacterial meningitis; non-BM, 
non-bacterial central nervous system diseases
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result is consistent with that of the study on the differ-
entiation between BM and aseptic meningitis by Pinto 
Junior et al. 18). Diseases other than BM in which ele-
vated CSF IL-6 levels have been reported include viral 
meningitis, encephalitis, encephalopathy, and cerebral in-
farction 18),19)-22). In the present study, the non-BM group 
included three cases of viral meningitis, five cases of 
encephalitis /encephalopathy, and three cases of cerebral 
infarction, which likely contributed to the observed eleva-
tion. (Supplementary Table1)The increase in CSF IL-6 
levels is thought to be due to an inflammatory response. 
  In recent years, several studies have investigated the 
role of CSF PCT and IL-6 in the diagnosis of neonatal and 
pediatric meningitis. For example, Borowiak et al. report-
ed that CSF PCT and lactate levels have significant diag-
nostic utility in neonatal meningitis 23). Similarly, Babenko 
et al. demonstrated that PCT and C-reactive protein 
measurements could aid in effectively differentiating BM 
from enteroviral meningitis in children, using a decision 
tree approach 24). Rajial et al. further evaluated the utility 
of serum and CSF PCT for diagnosing neonatal meningi-
tis, emphasizing its role in differentiating bacterial etiol-
ogies from viral etiologies 25). Furthermore, Kruthika et 
al. conducted a systematic review of IL-6 as a biomarker 
for diagnosing tuberculous meningitis, highlighting its 
potential application in bacterial infections 26). These find-
ings support the relevance of CSF IL-6 and PCT in vari-
ous types of meningitis and suggest that their combined 
measurement may improve the diagnostic accuracy. The 
low specificity of CSF IL-6 for diagnosing BM compared 
with other biomarkers (Table 2) is likely because of its 
lack of disease specificity. Although elevated CSF IL-6 
concentration alone may lack specificity, it could still be 
useful as a screening marker for CNS diseases.
  To supplement the specificity of CSF IL-6, we focused 
on PCT, a biomarker known to specifically increases 
during bacterial inflammation. Previous studies have 
shown the utility of CSF PCT for diagnosing BM 12)-15). 

In our study, we confirmed the usefulness of CSF PCT 
levels in patients with BM (Fig. 1(b)). CSF PCT lev-
els were not significantly correlated with serum PCT 
levels (Fig. 3(b)), indicating that CSF PCT may have a 
different dynamic to serum PCT. However, Reshi et al. 
suggested that during infection, the blood–brain barrier 
may be disrupted, allowing serum PCT to enter the CSF; 
therefore, this possibility must be considered. The sensi-
tivity and specificity of CSF PCT levels alone were con-
sistent with those reported by Reshi et al., who reported 
a sensitivity of 0.92 and specificity of 0.87 27). Additionally, 
the AUC for CSF PCT was higher than that for CSF IL-6 
or CSF cell counts for diagnosing BM (Fig. 2). The sig-
nificant difference between the BM and non-BM groups 
(Fig. 1(b)) suggests that the CSF PCT has a high sen-
sitivity for diagnosing BM. This is likely because IL-6 
levels increase nonspecifically in inflammatory diseases, 
whereas PCT levels increase specifically in bacterial 
inflammation. The elevated CSF PCT levels in patients 
with BM may be because of the release of PCT from bac-
teria or leukocytes in the CNS. However, in the present 
study, elevated CSF PCT levels were also observed in 
the non-BM group. Raddant and Russo further reported 
that PCT can be produced by the trigeminal nerve or glial 
cells during inflammation, leading to a localized increase 
in the CSF levels 28). Although we could not elucidate the 
reason for the elevated CSF PCT levels in the non-BM 
group, this must be considered when using CSF PCT as 
a biomarker.
  Next, we examined the clinical utility of simultaneous 
measurement of CSF IL-6 and PCT levels. As shown in 
Fig. 4 and Table 2, compared with the sensitivity and 
specificity of CSF IL-6 or PCT alone, when both markers 
were above their respective cutoff values, the sensitivity 
was similar or slightly decreased; however, the specific-
ity was significantly improved. In the present study, 26 
patients had CSF IL-6 levels above the cutoff, of whom 
20 were from groups other than the non-CNS group. Pre-

Table 2  Sensitivity and specificity results of the different parameters

Sensitivity Specificity

CSF IL-6 1.00 0.71

CSF PCT 0.88 0.82

CSF cells 0.75 0.74

CSF IL-6 and CSF PCT 0.88 0.95

CSF IL-6 and CSF cells 0.88 0.89

CSF cells and CSF PCT 0.75 0.95

CSF, cerebrospinal fluid; IL-6, interleukin-6; PCT, procalcitonin
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vious reports have indicated that patients with CSF IL-6 
levels above the cutoff are highly likely to have some 
form of inflammatory response within the CNS 18). This is 
likely the reason for the reduced specificity for diagnosing 
BM. Of the 26 patients with CSF IL-6 levels above the 
cutoff, 10 had CSF PCT levels above the cutoff, of which 
7 were patients with BM. In one case within the BM 
group, both CSF IL-6 and CSF PCT levels did not exceed 
the respective cut-off values. This patient had postopera-
tive meningitis and had received antibiotic therapy prior 
to CSF sampling, which may have influenced the bio-
marker concentrations.Conversely, three cases outside 
the BM group showed biomarker levels above the cut-off 
values: two cases of encephalitis/encephalopathy and one 
case of crowned dens syndrome. Because the number of 
these cases was limited, we were unable to further ana-
lyze the underlying reasons for the elevated values.
  These results suggest that simultaneous measurements 
of CSF IL-6 and PCT levels can help identify the pres-
ence of CNS disease via CSF IL-6 levels and determine 
whether the disease is bacterial in origin via CSF PCT 
levels. This combination compensated for the shortcom-
ings of each marker, resulting in a significant improve-
ment in specificity, although the sensitivity was slightly 
decreased.
  Although the number of patients with BM in this study 
was small, the above results suggest that the combina-
tion of CSF IL-6 and PCT measurements may serve as a 
useful quantitative biomarker for detecting BM in clinical 
settings. Further prospective studies with larger patient 
populations are required to validate the usefulness of 
these biomarkers, as this study has several limitations. 
First, as this was a single-center study, there was an in-
herent risk of bias related to the study design, including 
the patient selection criteria and data collection methods. 
Second, the relatively small sample size, particularly the 
limited number of CSF culture-positive cases in the BM 
group, may have introduced selection bias, potentially 
influencing the generalizability of our findings. More-
over, regression analysis could not be performed owing 
to the small sample size and limited available resources. 
Third, the study population was limited to patients from a 
specific medical institution, which may restrict the appli-
cability of our results to different populations, including 
those from different geographic regions and those with 
varying disease prevalence rates. Furthermore, measure-
ment of IL-6 and PCT in CSF is currently not covered by 
the healthcare insurance system in our country. Although 
there are cost limitations, we believe that their utility as 

rapid, minimally invasive biomarkers for distinguishing 
BM from non-CNS conditions justifies consideration, 
particularly when early differentiation is clinically crucial. 
Moreover, we hope that similar studies at other institu-
tions, inspired by our research, will help to further vali-
date and enhance the clinical utility of these biomarkers.

V. Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  In conclusion, the combination of CSF IL-6 and PCT 
measurements provides superior diagnostic accuracy for 
BM than either marker alone. To further enhance the re-
liability of these findings, future studies should incorpo-
rate regression analyses to adjust for potential confound-
ing factors and to better understand the independent 
contributions of CSF IL-6 and CSF PCT in BM diagnosis. 
Additionally, large-scale, multicenter, prospective stud-
ies are required to confirm these results across diverse 
populations and clinical settings. Investigating the impact 
of different clinical parameters, such as underlying condi-
tions or disease severity, on biomarker performance will 
also be important for optimizing their clinical application. 
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A B S T R A C T

  Cancer genome testing routinely reports driver alterations, mutational signatures, and DNA repair states, yet 
key clinical phenotypes—tumor behavior, relapse risk, and chemoresistance—are not fully explained by geno-
type alone. Deleted in split-hand/split-foot 1 (DSS1) is a small, acidic, intrinsically disordered protein conserved 
across eukaryotes and shared by several large multiprotein assemblies, making it a plausible functional modifier 
of these phenotypes. This review summarizes DSS1 biology from the perspective of clinical laboratory medi-
cine, focusing on how DSS1 links RNA metabolism, R-loop homeostasis, and homologous recombination repair 
(HRR) and how this linkage may inform biomarker development. Mechanistically, DSS1 behaves as a stabilizing 
“molecular glue” in protein complexes and serves as a core component of RNA export/quality-control modules, 
including TREX-2 and the TREX-2.1/REX complex, which regulate co-transcriptional messenger ribonucleop-
rotein remodeling, nuclear export, and RNA surveillance—processes closely tied to R-loop (DNA:RNA hybrid) 
control and transcription-coupled DNA damage. DSS1 is also an obligate cofactor of BRCA2: DSS1 binding sta-
bilizes BRCA2, improves its solubility, and limits off-target interactions, supporting repair-competent BRCA2 in 
the nucleus. We then review clinicopathological evidence that DSS1 dysregulation correlates with cancer behav-
ior, including shorter relapse-free survival and a chemoresistant phenotype. Finally, we propose that DSS1-low, 
BRCA-proficient tumors may acquire BRCAness, providing a rationale for PARP inhibitor responses beyond cur-
rent BRCA-focused companion diagnostics, and we outline how standardized DSS1 measurement (mRNA and/
or protein), integrated with BRCA status and other HRR-related signatures, could refine molecular testing and 
therapeutic stratification in routine practice.
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I. Introduction.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  Cancer genome testing has transformed oncology 
from descriptive histology to molecular pathology by 
reading out driver alterations, mutational signatures, 

and repair-pathway states. These readouts reflect 
multiple mutagenic and repair processes and illustrate 
not only oncogenic mechanisms but also actionable 
alterations that predict chemosensitivity1)2). To interpret 
them further, we need to map each alteration onto its 
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underlying oncogenic pathway. Some alternative patterns 
come from outside exposures (e.g., UV light or tobacco), 
while others are caused by enzymatic mutagenesis 
(e.g. activation-induced cytidine deaminase (AID) / 
apolipoprotein B mRNA editing catalytic polypeptide-
like (APOBEC) family), mismatch-repair failure, or 
replication stress3)4). In some contexts, transcription 
itself may also add DNA damage both controllably and 
pathologically, the latter of which is called transcription-
coupled DNA damage5)6).
  Deleted in split-hand/split-foot 1 (DSS1) was originally 
described through genetic mapping studies of split-hand/
split-foot malformation (SHFM), where it appeared 
within a critical chromosomal region on 7q21.3–q22.17). 
However, the developmental abnormalities in SHFM 
are now more commonly attributed to dysregulation of 
genes near DSS1, such as DLX5 and DLX6, than to a 
DSS1-specific mechanism8). Subsequent biochemical 
and genetic analyses revealed that DSS1 is a highly 
conserved, small (~70 amino acids in yeast; ~70–80 in 
mammals), acidic, and intrinsically disordered protein 
with surprisingly broad functional diversity7)9)–12).
  Orthologs of DSS1, termed Sem1 in budding yeast, are 
conserved across eukaryotes10)13). DSS1/Sem1 is now 
recognized as a component of multiple large protein 
complexes, including the 19S lid of the 26S proteasome, a 
stable subunit of the TRanscription–EXport-2 (TREX-2) 
and TREX-2.1/Repressor of EXport (REX) complexes, 
and an essential cofactor of BRCA2 in homologous 
recombination (HR)14)–22). Therefore, DSS1 contributes 
to several fundamental processes: protein degradation, 
mRNA biogenesis and export, transcription-coupled 
genome maintenance, DNA repair, and replication stress 
responses. Accordingly, genetic and functional alterations 
in DSS1 or its partner complexes can affect genomic 
instability, oncogenesis, chemoresistance, and tumor 
development23)–29).
  Here, we review DSS1 from the perspective of clinical 
laboratory medicine. We first outline its molecular and 
structural properties, as well as its role as an obligate 
cofactor of BRCA2 in HR and R-loop control. We then 
summarize clinicopathological and experimental evidence 
linking DSS1 dysregulation to cancer behavior. Finally, we 
show the emergence of BRCAness and poly(adenosine 
diphosphate-ribose) polymerase inhibitor (PARPi) 
sensitivity in DSS1-low, BRCA-proficient tumors, and 
discuss how DSS1 could be developed as a biomarker and 
therapeutic modifier in cancer genome testing.

II. Structural and functional roles of DSS1.. . . . . . . . . . .

Molecular and structural features of  DSS1
  The human DSS1 gene is located on chromosome 7q21 
and encodes a small acidic protein of ~70 amino acids7)13). 
Orthologous genes (Sem1 in Saccharomyces cerevisiae, 
dss1+ in Schizosaccharomyces pombe, etc.) show strong 
sequence conservation of acidic and hydrophobic 
motifs11)13)30). DSS1 lacks extensive secondary structure 
under physiological conditions, being classified as an 
intrinsically disordered protein31)32). Nuclear magnetic 
resonance spectroscopy and other biophysical analyses 
indicate that DSS1 can transiently form helical segments 
and multiple short linear motifs, which become stabilized 
upon binding to structured partners33)34).
  This intrinsic disorder gives DSS1 two key properties: 
1) binding plasticity, allowing DSS1 to interact with 
numerous partners through distinct interfaces, and 
2) molecular “glue” behavior, whereby DSS1 often 
binds at the interface between two or more structured 
subunits and stabilizes their assembly. Small, acidic, 
intrinsically disordered proteins such as DSS1 function 
as molecular glues in the PCI-containing complexes, 
inserting between PCI domain proteins to stabilize 
and regulate large multiprotein assemblies11)12)17). 
Comprehensive interactome analyses, particularly in S. 
pombe, have revealed that DSS1 associates with a broad 
range of complexes, including the 19S lid of the 26S 
proteasome, the TREX-2 and TREX-2.1/REX complexes, 
the Thp3–Csn12–Sem1 complex, and mitotic septin 
assemblies14)-22)35). This diversity suggests that DSS1 
functions more as a general scaffolding cofactor for PCI-
containing complexes than as a single-pathway factor. In 
addition, DSS1 forms an obligate complex with the non-
PCI tumor suppressor BRCA213).

DSS1 in the TREX-2 complex, mRNA nuclear 
export, and R-loop formation
  The TREX-2 complex is a conserved assembly that 
couples transcription to mRNA export at the nuclear 
pore complex (NPC). In mammals, TREX-2 is built 
on a germinal center–associated nuclear protein 
(GANP) scaffold, with DSS1, PCI domain–containing 2 
(PCID2), enhancer of yellow 2 (ENY2), and centrin 2/3 
(CETN2/3) as additional subunits (Figure 1)18)19)22). 
TREX-2 interacts with the NPC and transcriptional 
regulators (e.g., mediator), thereby facilitating the 
delivery of nascent transcripts to nuclear pores36)-38). In 
yeast, Sem1-deficient cells show defective mRNA export, 
impaired transcription elongation, and accumulation of 
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DNA damage; this phenotype is similar to that of cells 
lacking other TREX-2 components or the principal 
mRNA export receptor Mex67/nuclear RNA export factor 
1 (NXF1)26)39)-42). In mammals, DSS1/Sem1 is similarly 
included in the TREX-2 complex, although its dynamics 
may vary among cell types or conditions.
  TREX-2 is now recognized as an important factor 
in R-loop homeostasis. R-loops are three-stranded 
structures that form when the nascent RNA transcript 
slips back and re-anneals to its DNA template, creating 
a DNA:RNA hybrid and leaving the non-template DNA 
strand displaced as a single-stranded DNA (ssDNA). 
R-loops can have useful functions under physiological 
conditions. They form at certain promoters and 
transcription terminator regions, where they help control 
transcription initiation and termination and influence 
local chromatin structure43)-47). In B cells, R-loops 
at immunoglobulin switch regions are deliberately 
formed as intermediates of class-switch recombination, 
because the exposed ssDNA is targeted by AID to 
trigger programmed DNA breakage and joining48)-51). In 
other systems, including mitochondrial DNA, R-loop-
like structures contribute to replication initiation by 
providing both an RNA primer and a structural platform 
for DNA polymerases52)-55). In these contexts, R-loops 
are formed at specific loci and removed once their role is 

fulfilled, maintaining what is often referred to as R-loop 
homeostasis.
  However, when R-loops become too abundant, 
too stable, or mislocalized, they turn from useful 
intermediates into threats to genome integrity. Persistent 
R-loops act as roadblocks for replication forks, leading 
to fork stalling, reversal, or collapse, and thereby 
causing replication stress and DNA double-strand 
breaks (DSBs)56)-59). The displaced ssDNA is chemically 
vulnerable and prone to damage and erroneous repair; 
therefore, excessive R-loops drive mutagenesis and are 
recognized as a major source of transcription-coupled 
DNA damage60)-62). Factors that play a role in RNA 
processing and export, helicases that unwind DNA:RNA 
hybrids, and topoisomerases that relieve torsional 
stress help prevent harmful R-loop accumulation; when 
these systems fail, R-loops build up and contribute to 
oncogenesis63)-65).
  The TREX-2 complex is positioned at the nuclear pore, 
where it helps move nascent RNA transcripts away from 
their template DNA by anchoring actively transcribed 
genes near the pore basket and handing the transcripts 
off to the export receptor NXF138)66)-68). By reducing 
the dwell time of free RNA near its template DNA, 
the TREX-2 complex is thought to lower the chance 
that RNA will re-anneal and form R-loops. Collectively, 

Figure 1   Schematic representation of mRNA nuclear export through the nuclear pore complex. In mammals, the 
TRanscription–EXport-2 (TREX-2) complex comprises germinal center–associated nuclear protein (GANP), deleted 
in split-hand/split-foot 1 (DSS1), PCI domain–containing 2 (PCID2), enhancer of yellow 2 (ENY2), and centrin 2/3 
(CETN2/3). TREX-2 associates with messenger ribonucleoprotein (mRNP) particles, in part via the mRNA export 
receptor nuclear RNA export factor 1 (NXF1), and facilitates the targeting of transcripts to nuclear pores for export to 
the cytoplasm. Impaired TREX-2 function can lead to nuclear retention of mRNA and is proposed to increase the op-
portunity for nascent RNA to re-anneal to its template DNA, forming DNA:RNA hybrids (R-loops). Excessive or per-
sistent R-loops can promote transcription-associated DNA damage, including replication stress and DNA double-strand 
breaks, and thereby contribute to mutagenesis and genome instability. Adapted from Pathol Int 2024; 74(3): 103–18 
with permission and minor modification19).
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the TREX-2 complex may promote co-transcriptional 
messenger ribonucleoprotein (mRNP) remodeling 
and efficient export. Although the exact contribution of 
DSS1 within the TREX-2 complex to R-loop suppression 
remains incompletely defined, DSS1 deficiency may 
impair TREX-2 function and thus indirectly promote 
R-loop accumulation and transcription-coupled DNA 
damage.

DSS1 in the TREX-2.1/REX complex
  DSS1 also plays a key role in the human TREX-2.1 
complex, which was recently described21). The TREX-
2.1 complex is a trimer composed of LENG8, DSS1, and 
PCID2: LENG8 and PCID2 are PCI domain proteins, 
and DSS1 binds their PCI-type helical scaffolds in the 
same way as in GANP–PCID2 of the TREX-2 complex. 
Structural studies show that the TREX-2.1 complex 
binds the DEAD-box helicase DDX39B (UAP56), a core 
component of another mRNA nuclear export machinery, 
the THO/TREX complex.
  Functionally, the TREX-2.1 complex behaves as an 
mRNP remodeling factor that controls DDX39B activity. 
Biochemical studies have shown that the TREX-2.1 
complex binds directly to DDX39B, stimulates its 
ATPase activity, and can displace it from RNA21). More 
recently, the same LENG8–DSS1–PCID2 module has 
been identified as the core of the REX complex, which 
acts in nuclear RNA quality control. In that pathway, 
LENG8 is recruited to incompletely processed or intron-
retaining transcripts and targets them for degradation 
instead of allowing them to be exported from the 
nucleus21)69). Together, these findings indicate that DSS1 
is an essential factor in RNA metabolism, including post-
splicing control, mRNA nuclear export, and nuclear 

RNA surveillance. However, whether DSS1-driven 
abnormalities in RNA processing directly contribute to 
oncogenesis remains unclear.

DSS1 as an obligatory cofactor of  BRCA2 in 
homologous recombination
  When a DNA DSB occurs, the sister chromatid serves 
as a template for the homologous recombination repair 
(HRR) pathway. BRCA2 is an important HRR factor 
that loads RAD51 recombinase onto ssDNA at DSBs 
and stalled replication forks70)-72). DSS1 forms a stable 
complex with the BRCA2 DNA-binding domain (DBD) 
and is considered an obligate partner of BRCA213)73). 
Biochemical and structural studies show that DSS1 binds 
to multiple surfaces of the BRCA2 DBD, including the 
helical domain and the oligonucleotide/oligosaccharide-
binding (OB) folds25)73). This interaction stabilizes 
BRCA2, improves its solubility, and promotes efficient 
RAD51 filament formation on ssDNA. DSS1 depletion or 
BRCA2 mutations that weaken DSS1 binding reduce the 
steady-state level of BRCA2 in the nucleus, shift it into 
less-soluble, partially aggregated states, and decrease 
nuclear HRR activity23)74)-76).
  In addition, DSS1 prevents binding of the BRCA2 
DBD to double-stranded DNA (dsDNA) .  In the 
absence of DSS1, BRCA2 exhibits increased binding to 
dsDNA, which could misdirect RAD51 to inappropriate 
regions25). Moreover, loss of DSS1 induces aberrant 
BRCA2 oligomeric states that are less competent for 
proper RAD51 loading75)77). Thus, the BRCA2–DSS1 
partnership is essential for maintaining stable, correctly 
assembled, repair-competent BRCA2 molecules in the 
nucleus (Figure 2). This tuning mechanism provides a 
useful conceptual framework: DSS1 acts as an allosteric 

Figure 2   Schematic representation of BRCA2 dysfunction in the absence of DSS1. Loss of DSS1 destabilizes BRCA2, 
leading to altered nuclear distribution, formation of aberrant and nonfunctional BRCA2 dimers/oligomers, and BRCA2 
degradation mediated by chaperones.
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modulator that optimizes BRCA2’s substrate specificity 
in HRR and replication fork protection while reducing off-
target interactions that could be deleterious.
  BRCA2 also participates in R-loop processing. Several 
observations suggest that BRCA2 helps prevent 
harmful R-loop accumulation. BRCA2 interacts with 
RNA polymerase II and factors that control promoter-
proximal pausing, and thereby helps avoid prolonged 
stalling of the transcription machinery, a situation that 
favors R-loop formation78)79). In addition, BRCA2 works 
together with R-loop–processing factors such as the 
RNA helicase DDX5 and the ribonuclease RNase H2 to 
dissolve DNA:RNA hybrids and repair R-loop–associated 
lesions79)80). Moreover, interactions between BRCA2 and 
subunits of the TREX-2 complex help suppress R-loop–
induced genomic instability81).
  Thus, it is plausible that DSS1, by jointly acting in 
the TREX-2 complex and BRCA2, coordinates mRNA 
metabolism with HR-mediated processing.

III. DSS1 dysregulation in breast cancer.. . . . . . . . . . . . . .

  Our work and that of others have examined DSS1 
expression in human cancers27)-29). Because DSS1 
participates in mRNA metabolism, R-loop homeostasis, 
and HRR machinery, its dysfunction is thought to be 
closely associated with oncogenesis and chemosensitivity 
in various cancers.
  Of all cancer types, the association between DSS1 
expression and breast cancer has been examined most 
thoroughly. We have reported that, in invasive breast 
carcinomas, high DSS1 expression was associated with 
significantly shorter relapse-free survival although the 
DSS1 level did not correlate strongly with classical 
clinicopathological factors such as tumor size, nodal 

status, histological grade, hormone receptor status, 
or Ki-67 index27). This indicates that DSS1 is an 
independent marker that is not simply a surrogate for 
proliferation or advanced stage. Interestingly, functional 
assays using breast cancer cell lines complemented 
the clinical data27). DSS1-overexpressing MCF7 cells 
(estrogen receptor α (ERα)-positive, p53 wild type)  
showed decreased chemosensitivity to DNA-damaging 
agents such as camptothecin and etoposide. Cell-cycle 
analysis and apoptosis assays showed that these cells 
had a smaller sub-G1 fraction after drug exposure than 
control cells, indicating increased chemoresistance. 
Conversely,  s iRNA-mediated DSS1 knockdown 
suppressed proliferation and induced apoptosis in both 
MCF7 and drug-resistant MDA-MB-231 (triple-negative, 
p53-deficient) cells. When combined with camptothecin 
or etoposide, DSS1 knockdown further enhanced drug-
induced cell death, particularly in MDA-MB-231 cells.
  Another study of ours extended these findings by 
analyzing DSS1 together with PCID2 and BRCA2 in 
breast carcinomas. DSS1 expression was consistently 
higher in tumor tissues than in normal breast tissue, 
whereas PCID2 expression was similar between normal 
and malignant tissues (Figure 3)28). When patients were 
divided into high- and low-expression groups for DSS1, 
BRCA2, and PCID2, only DSS1 showed a significant 
association with poor relapse-free survival. This 
confirmed DSS1 as the key clinical predictor among these 
three factors. In vitro analysis, propidium iodide staining, 
single-cell gel electrophoresis (comet assays), and clono-
genic survival assays to assess chemosensitivity revealed 
that DSS1 depletion in breast cancer cell lines increased 
sensitivity to several DNA-damaging agents, whereas 
DSS1 overexpression conferred chemoresistance28). 

Figure 3   DSS1 (left) and PCID2 (right) expression scores in normal breast tissue, ductal carcinoma in situ (DCIS), 
and invasive breast carcinoma (IBC). Expression scores (0–300) were calculated by multiplying staining intensity (0–3; 
weak to strong) by the percentage of positive cells (0%–100%) in immunohistochemistry. Box plots show the median 
(center line) and the 25th and 75th percentiles (box); whiskers indicate the range. ***P < 0.001; n.s., not significant. 
Adapted from Lab Invest 2021; 101(8): 1048–59 with permission and minor modification 28).
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Importantly, BRCA2 expression itself did not significantly 
affect chemosensitivity under the same conditions, even 
though DSS1 depletion reduced BRCA2 protein levels. 
This indicates that the change in drug response after 
DSS1 knockdown is not simply a consequence of reduced 
BRCA2. Furthermore, PCID2 behaved similarly to DSS1 
at the functional level.
  Taken together, DSS1 is a clinically relevant modifier 
of breast cancer behavior that sits squarely within the 
scope of clinical laboratory medicine. Functional data 
revealed that high DSS1 is not just a passive marker but 
a surrogate for a tumor’s ability to tolerate genotoxic 
stress, whereas low DSS1 defines a potentially druggable 
vulnerability. For clinical laboratory medicine, this means 
that DSS1 expression is a candidate prognostic and 
predictive biomarker that could, after further validation, 
be incorporated alongside ER, progesterone receptor 
(PR), human epidermal growth factor receptor 2 (HER2), 
Ki-67, and p53 to refine risk stratification and anticipate 
response to standard chemotherapy.

IV. DSS1 dysregulation in renal cancer.. . . . . . . . . . . . . . . .

  The work of others has indicated that DSS1 is 
upregulated in metastatic clear cell renal cell carcinoma 
(ccRCC) and promotes both primary tumor growth and 
metastasis29). High DSS1 expression correlates with a 
gene signature of proliferation and with poorer outcomes 
in renal cancer datasets. In addition, large-scale CRISPR 

screening has identified DSS1 among genes that are 
essential for the survival of many ccRCC cell lines, 
suggesting that ccRCC cells depend on DSS1 for fitness.
  In metastatic ccRCC cell lines and mouse models, DSS1 
promotes tumor growth and lung metastasis29). DSS1 
interacts directly with LC3 and, via the E3 ligase TRIM25, 
enhances K63-linked polyubiquitination of LC3B, which 
leads to suppression of autophagic flux. DSS1 knockdown 
increases autophagic vacuoles and LC3 puncta, while 
DSS1 overexpression has the opposite effect, indicating 
that DSS1 functions as a negative regulator of autophagy 
in ccRCC. Functionally, when autophagy is restored (by 
DSS1 silencing or pharmacologic manipulation), ccRCC 
cells show reduced proliferation, migration, invasion, and 
metastatic potential. Furthermore, this autophagy block 
feeds directly into epithelial–mesenchymal transition 
(EMT) control. DSS1-mediated inhibition of autophagy 
stabilizes the EMT transcription factor TWIST1, which is 
otherwise degraded through autophagy.
 Overall, DSS1’s repertoire may extend beyond genomic 
maintenance, linking it to autophagy regulation, EMT, 
and metastatic signaling pathways.

V. �BRCAness and PARPi chemosensitivity  
in DSS1-low cancers.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  Cancer genome profiling is now indispensable in 
modern clinical laboratory medicine. In breast, ovarian, 
and prostate cancers, both hereditary and sporadic 

Figure 4   Schematic representation of DNA repair by poly(adenosine diphosphate-ribose) polymerase (PARP) 
and the basis of PARP inhibitor (PARPi)–induced synthetic lethality. PARP recognizes SSBs and promotes their re-
pair, supporting cell survival. PARPi inhibit PARP activity at SSBs, causing unrepaired lesions to be converted into 
DNA double-strand breaks (DSBs) during replication. When homologous recombination repair (HRR), including 
BRCA1/2-dependent pathways, is intact, such DSBs can be repaired; when HRR is defective, DSB repair fails and cell 
death ensues. Thus, the combination of HRR deficiency and PARP inhibition is expected to selectively kill HR-defi-
cient cells, a phenomenon termed “synthetic lethality.” Notably, clinical responses to PARPi have also been observed 
in subsets of ovarian and prostate cancers without detectable BRCA mutations by current companion diagnostics, 
suggesting that additional mechanisms beyond canonical BRCA-dependent synthetic lethality may contribute to PARPi 
sensitivity.
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BRCA mutations lead to impaired HRR for DNA damage, 
contributing to oncogenesis and malignant progression. 
For such tumors, PARPi have long been expected to 
exhibit high therapeutic efficacy based on “synthetic 
lethality.” PARPi block the repair of DNA single-strand 
breaks (SSBs); as a result, in cancer cells that already 
have defective HRR due to BRCA mutations, unrepaired 
SSBs are converted into DSBs during replication and 
become essentially irreparable, which selectively kills 
BRCA-mutated cancer cells while largely sparing normal 
cells (Figure 4).
  However, recent clinical trials in ovarian and prostate 
cancers have shown that PARPi can be effective even 
in patients who test negative on current companion 
diagnostics for BRCA mutations82)83). There is a subset of 
cancer cells that, despite being BRCA-proficient, display 
biological features similar to BRCA-mutated cells—
a condition referred to as “BRCAness.” Nevertheless, 
the detailed molecular mechanisms underlying this 
phenotype, as well as reliable pathological diagnostic 
methods, have yet to be established.
  We therefore hypothesize that, because DSS1 is re-
quired for optimal BRCA2 function, DSS1 depletion 
might disrupt the BRCA2–DSS1 interface and thereby 
induce BRCAness even in BRCA2-proficient cells. We 
found that, among ovarian cancer subtypes, DSS1 expres-
sion was significantly lower in serous carcinoma than in 
other histological types such as endometrioid, clear cell, 
and mucinous carcinomas (Figure 5). This pattern is 
consistent with the clinical trial data showing that PARPi 
are effective in patients with serous carcinoma, irrespec-

tive of the results of current companion diagnostics for 
BRCA mutations. In prostate specimens, our small series 
further suggested that DSS1 expression was generally 
higher in high-grade prostatic intraepithelial neoplasia 
(PIN) and appeared to gradually decrease as the Gleason 
pattern increased from 3 to 5 in acinar adenocarcinomas 
(Figure 6). Functional analyses also indicated that DSS1 
depletion reduced HRR activity and enhanced PARPi 
sensitivity (unpublished data).
  Taken together, these observations support a model in 
which reduced DSS1 expression induces a BRCA-like 
HRR deficiency and thereby contributes to a BRCAness 
phenotype that enhances PARPi sensitivity. From 
the perspective of clinical laboratory medicine, DSS1 
expression is therefore a promising biomarker candidate 
to identify BRCAness in BRCA-proficient tumors and to 
refine the indication for PARPi therapy beyond current 
BRCA-focused companion diagnostics. In the future, 
standardized DSS1 assays and integrated interpretation 
with BRCA status and other HRR-related signatures may 
help clarify the pathobiology of BRCAness and improve 
the design of molecular testing panels in routine practice.

VI. Conclusion.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  From the viewpoint of clinical laboratory medicine, 
DSS1 is important because it links several key pathways 
that we already try to assess in daily practice: mRNA 
metabolism, R-loop homeostasis,  HRR activity, 
replication stress, and even autophagy and EMT in some 
tumors. Current cancer genome tests mainly tell us what 
is mutated (for example, BRCA1/2 status or HRR gene 

Figure 5   Representative immunohistochemistry for DSS1 in ovarian carcinoma subtypes (unpublished data). DSS1 
expression is maintained in clear cell, endometrioid, and mucinous carcinomas, whereas it is reduced in serous carcino-
ma. Reduced DSS1 expression may destabilize BRCA2 and potentially contribute to a “BRCAness” phenotype. These 
observations are consistent with clinical trial data showing PARP inhibitor activity in serous ovarian carcinoma beyond 
current BRCA-focused companion diagnostics.



| Laboratory Medicine International | 5 (2) | 2026 |

－74－

panels), but they often cannot explain why some BRCA-
proficient tumors behave as if they were HR-deficient, or 
why tumors with similar genotypes show very different 
responses to chemotherapy and PARPi. Because DSS1 is 
an essential cofactor of BRCA2 and a shared component 
of TREX-2 and TREX-2.1/REX complexes, its expression 
and function may provide a more “functional” readout of 
these pathways.
  The next step for clinical laboratories is to turn this 
concept into practical tools. DSS1 could be measured 
at the RNA level in NGS panels and at the protein level 
by immunohistochemistry, and its status could then 
be interpreted together with BRCA mutations, HR 
deficiency scores, and other markers of transcription- 
and replication-related DNA damage. Prospective studies 
that correlate DSS1 status with prognosis and treatment 
response, especially to PARPi and DNA-damaging 
regimens, will be crucial. If such data accumulate and 
assays are standardized, DSS1 has the potential to 
become a routine biomarker in cancer genome testing—

helping us not only to classify tumors, but also to predict 
which patients truly have BRCAness, which tumors are 
likely to be chemoresistant, and where new therapeutic 
vulnerabilities may lie.
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Figure 6   DSS1 expression in prostate cancer (unpublished data). (A) Representative immunohistochemistry for 
DSS1 across prostatic lesions and Gleason patterns. (B) DSS1 staining is relatively high in high-grade prostatic in-
traepithelial neoplasia (PIN) and decreases in acinar adenocarcinoma with increasing Gleason pattern (3–5), as as-
sessed by the Cochran–Armitage trend test (***P < 0.001). In addition, the Kruskal-Wallis test followed by Dunn’s 
multiple comparison test showed that DSS1 expression in Gleason pattern 4 carcinoma is significantly lower than that 
in Gleason pattern 3 carcinoma (**P = 0.003). These findings suggest that DSS1 expression tends to decline with 
histologic progression, and that BRCAness may occur in higher-grade prostate cancer.
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I. Introduction.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  In hematological malignancies such as acute myeloid 
leukemia (AML), it is necessary to combine morpholog-
ical examination, flow cytometry, chromosomal analysis, 
and genetic testing to make an accurate diagnosis and 
enable appropriate treatment planning. Although a tradi-
tional method, morphological examination contributes to 

clinical practice as a method with the advantage of rapid 
performance, often aiding clinical decision-making in 
specific contexts.
  Faggot cells are abnormal myeloid cells that contain 
multiple Auer rods within their cytoplasm. These cells 
are considered characteristic findings of acute promy-
elocytic leukemia (APL), which is typically caused by 
the PML::RARA fusion gene. Here, we report a case in 

A B S T R A C T

  Faggot cells are abnormal cells containing multiple Auer rods in the cytoplasm. They are usually found in acute 
promyelocytic leukemia (APL), typically characterized by PML::RARA fusion. We describe a rare case in which 
faggot cells were observed, but the patient was ultimately diagnosed with acute myeloid leukemia (AML) with 
NUP98::HOXA9. A man in his 40s presented with fever, pneumonia, and coagulopathy. Peripheral blood exam-
ination revealed an increased number of blast cells with Auer rods. Bone marrow (BM) aspirate smears showed 
the proliferation of abnormal promyelocyte-like cells showing strong myeloperoxidase positivity; some contained 
multiple Auer rods, consistent with faggot cells. Flow cytometric analysis of the BM revealed an APL-like im-
munophenotype, characterized by the expression of myeloid markers and the absence of CD34 and HLA-DR. 
Based on these morphological and immunophenotypic findings, the patient was initially suspected to have APL 
and was treated with all-trans retinoic acid (ATRA) in combination with cytotoxic induction chemotherapy. How-
ever, subsequent molecular analyses revealed the presence of NUP98::HOXA9 mRNA and absence of PML::R-
ARA mRNA. Therefore, APL was excluded, and the patient was diagnosed with AML with NUP98 rearrange-
ment. Consequently, ATRA was discontinued. Chromosomal analysis revealed the presence of t(7;11)(p15;p15), 
supporting the revised diagnosis. Despite exhibiting APL-like morphological and immunophenotypic features, 
the disease was ultimately diagnosed as non-APL AML based on genetic and chromosomal testing. This case 
highlights the fact that faggot cells are not entirely specific for APL and emphasizes the importance of integrat-
ing morphological, immunophenotypic, and genetic/cytogenetic findings for accurate diagnosis and appropriate 
treatment.
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which faggot cells were morphologically observed; how-
ever, chromosomal and genetic findings ultimately led to 
the diagnosis of non-APL AML, specifically AML with 
NUP98::HOXA9 fusion.

II. Case report. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  A man in his 40s visited his previous physician because 
of a fever. Radiological examination revealed an infiltra-
tive shadow in the upper left lobe of the lung. Blood tests 
revealed severe inflammation, thrombocytopenia, and 
elevated levels of fibrin/fibrinogen degradation products 
(FDP). Consequently, the patient was admitted with di-
agnoses of pneumonia and coagulopathy. A subsequent 
peripheral blood (PB) smear revealed an increased num-
ber of blast cells with Auer rods, leading to a referral and 
transfer to our hospital with suspected AML.
  Blood tests conducted at our hospital yielded the follow-
ing results: white blood cell count, 13.58 × 109/L (blast 
cells: 84.5%, neutrophils: 8.0%, and lymphocytes: 7.5%); 
red blood cell count, 2.63 × 1012/L; hemoglobin, 9.3 g/
dL; platelet count, 54 × 109/L; lactate dehydrogenase, 
619 U/L; prothrombin time, 13.2 s; activated partial 
thromboplastin time, 22.1 s; fibrinogen, 455 mg/dL; FDP, 

33.3 μg/mL; thrombin-antithrombin complex, 4.9 ng/
mL; and plasmin-alpha2-plasmin inhibitor-complex, 6.8 
μg/mL. In the PB smear, the cells counted as blast cells 
were large with a fine chromatin network, clear nucleoli, 
and cytoplasm containing fine granules. Some contained 
a single Auer rod (Figure 1A). A bone marrow (BM) 
aspirate smear showed hypercellular marrow with prolif-
eration of abnormal promyelocyte-like cells. These cells 
were medium-to-large, with a basophilic cytoplasm, often 
containing fine granules. They exhibited a nuclear-to-cy-
toplasmic ratio of ≥ 50%, a fine chromatin network, and 
distinct nucleoli. Some cells contained one or more Auer 
rods, resembling the faggot cells observed in patients 
with APL (Figure 1B–D). Based on these morphologi-
cal features, these cells were counted as promyelocytes, 
resulting in 57.6% promyelocytes. In addition, 13.8% of 
the cells were blast cells, similar to those observed in 
the PB smears. Promyelocytes were strongly positive for 
myeloperoxidase (MPO) staining. Pseudo–Pelger–Huët 
neutrophils were also observed, although only as a subtle 
and minor finding. BM flow cytometry analysis showed 
that the CD45-dim cell population was positive for CD13 
(65.6%) and CD33 (98.4%) and negative for CD3, CD19, 

Figure 1    May-Grünwald-Giemsa stain; magnification, 1000× . (A) Peripheral blood smear showing the blast cell with 
a single Auer rod. (B-D) Bone marrow aspirate smear showing faggot cells (arrows).

A

DC

B



| Laboratory Medicine International | 5 (2) | 2026 |

－80－

CD34, CD41, and HLA-DR (Figure 2). Based on the 
morphological features and flow cytometry findings, 
the patient was initially suspected to have APL and was 
treated with all-trans retinoic acid (ATRA) in combina-
tion with cytotoxic induction chemotherapy. 
  On day 4 after initiating the induction therapy, results 
of the real-time polymerase chain reaction screening for 
leukemia chimeric genes in the BM became available. 
The screening revealed the presence of NUP98::HOXA9 
mRNA (2.7 × 10⁴ copies/μg RNA) and absence of PM-
L::RARA mRNA. Based on these findings, APL was 
ruled out, and the patient was diagnosed with AML 
with NUP98 rearrangement. Accordingly, ATRA was 
discontinued. Subsequent chromosomal analysis us-
ing G-banding confirmed a karyotype of 46,XY,t(7;11)
(p15;p15)[15]/46,XY[5], corresponding to the exclusion 
of APL and presence of NUP98::HOXA9 fusion (Figure 
3). Other genetic testing was negative for FLT3-internal 
tandem duplication. Cytotoxic induction therapy was con-
tinued, and a complete hematological remission was con-
firmed on day 29 by BM examination. After completing 
three courses of consolidation chemotherapy, the patient 

underwent allogeneic BM transplantation during the first 
complete remission. However, approximately 9 months 
later, the AML relapsed. In the PB and BM aspirate 
smears, blast cells increased, but no faggot cells were ob-
served. The reinduction chemotherapy led to a reduction 
in blast cells, and umbilical cord blood transplantation 
was planned. However, the patient died due to the exac-
erbation of organizing pneumonia.

III. Discussion.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  Faggot cells are mostly observed in APL. Although 
their presence has also been reported in non-APL set-
tings such as AML with inv(16) or myelodysplastic 
neoplasms, they are extremely rare1)-3). In this non-APL 
AML case, we discuss the possible mechanisms underly-
ing the appearance of faggot cells and describe the asso-
ciated morphological characteristics.
  Azurophilic granules are cytoplasmic particles that are 
stained purple-brown to purple-red with azure dyes. 
In granulocytes, these granules correspond to primary 
granules and contain antimicrobial substances such as 
MPO. During granulocyte differentiation, primary gran-

Figure 2   Flow cytometric analysis of cell surface markers in bone marrow aspirate: Two-color pattern gated on Population A.
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ule production ceases at the myelocyte stage, after which 
specific granules, called secondary granules, begin to 
form. Auer rods are reddish-purple, needle- or rod-
shaped cytoplasmic inclusions thought to be azurophilic 
granules that fail to mature normally and fused togeth-
er4). They are found in leukemic cells, but not in normal 
cells, and their presence in acute leukemia strongly 
suggests AML. Auer rods are typically observed in my-
eloblasts and promyelocytes and may appear singly or in 
multiples within the cytoplasm. Cells containing bundles 
of Auer rods are termed faggot cells and are characteris-
tically found in the abnormal promyelocytes of APL5).
  AML with NUP98::HOXA9 fusion is rare, has a poor 
prognosis, and is caused by a translocation t(7;11)
(p15;p15). NUP98 is one of the proteins that consti-
tute the nuclear pore complex and is involved in the 
transport of mRNA and proteins between the nucle-
us and cytoplasm6). HOXA is one of the clusters of 
HOX genes that encode transcription factors with a 
DNA-binding domain6). The expression level of HOXA9 
is normally downregulated during hematopoietic dif-
ferentiation. However, in this disease, continuous ac-
tivation of HOXA9 by the NUP98 promoter due to the 
NUP98::HOXA9 fusion is thought to inhibit normal he-
matopoietic differentiation6)-9). 
  The PML::RARA fusion, typically responsible for APL, 
represses RARα-dependent transcription, thereby block-
ing myeloid differentiation at the promyelocyte stage10). 
Accordingly, typical APL exhibits an immunophenotype 
of CD13+, CD33+, CD34-, and HLA-DR-. This pattern, 
characterized by positivity for myeloid lineage markers 
(CD13 and CD33), coupled with the loss of early pre-

cursor markers (CD34 and HLA-DR), indicates that the 
cells have progressed to the promyelocyte-like stage. 
Notably, the immunophenotype at the initial onset in the 
present case was similar, suggesting arrest at a similar 
promyelocyte-like stage. Therefore, we hypothesized 
that the arrest of leukemic cell differentiation at this 
promyelocyte-like stage may have contributed to the 
accumulation of Auer rods, resulting in the formation of 
faggot cells. Conversely, the immunophenotypes of the 
CD45-dim population at the time of recurrence were 
CD13+, CD33+, CD34+, and HLA-DRweakly+, indicating the 
proliferation of more immature cells relative to the initial 
onset; no faggot cells were observed. Most AML cases 
with NUP98::HOXA9 fusion are classified as AML M2 
according to the French-American-British (FAB) classi-
fication11),12). Nevertheless, unlike typical cases, leukemic 
cells at the initial onset in the present case appeared to 
show differentiation arrest, particularly at the promyelo-
cyte-like stage; the precise mechanism underlying this 
remains unclear.
  Morphologically, the Auer rod bundles in this case ap-
peared thinner and longer than those typically observed 
in APL. Additionally, pseudo–Pelger–Huët anomaly, 
which is usually absent in APL, was identified in some 
neutrophils. These findings resemble the characteristic 
features of AML with RUNX1::RUNX1T1 fusion4),13). To 
our knowledge, only two cases of faggot cells being found 
in AML with NUP98::HOXA9 fusion have been reported 
globally14)-16), and further accumulation of cases is essen-
tial to clarify these morphological features from those of 
APL.
  The need for an integrated diagnostic approach was 

Figure 3    Chromosomal analysis using G-banding, showing translocation t(7;11)(p15;p15) in 15 of the 20 analyzed cells.
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evident in this case. Accurate diagnosis is of paramount 
importance because hematopoietic tumors encompass 
various subtypes, each requiring distinct treatment ap-
proaches and presenting with different prognoses. As 
evidenced by the continued use of the FAB classification 
proposed in 1976, the careful observation of blood cells 
is essential11). APL is a prime example of a condition in 
which rapid diagnosis is critical, and morphology contrib-
utes significantly. APL frequently presents with a high 
complication rate of disseminated intravascular coagula-
tion accompanied by life-threatening hyperfibrinolysis, 
making early diagnosis and immediate treatment crucial. 
Therefore, when faggot cells are observed, it is prudent 
to suspect APL and initiate ATRA therapy2). However, if 
the disease is not APL, the treatment approach may be 
ineffective and unnecessary. Thus, methods other than 
morphological testing, specifically genetic and chromo-
somal testing, are essential for a definitive diagnosis of 
APL. In the present case, although the disease displayed 
APL-like morphological characteristics and immuno-
phenotypes, genetic and chromosomal testing ultimately 
ruled out APL. Collectively, an integrated diagnostic 
approach utilizing complementary techniques is essential 
for an accurate diagnosis and appropriate treatment; find-
ings from the present case reinforce this necessity.
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