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pathogenesis in this disorder.

Paroxysmal nocturnal
hemoglobinuria: a

monogenic disorder?

Paroxysmal nocturnal hemoglobinuria
(PNH) is an acquired clonal disorder that
arises from hematopoietic stem cells
(HSCs) and affects 1-2 people per mil-
lion, with a median age at diagnosis of 35
to 40 years. Without treatment, PNH is a
life-threatening disease characterized by
intravascular hemolysis, pancytopenia,
and venous thrombosis. Although PNH is
rare, there is extensive knowledge regard-
ing its pathophysiology and underlying
molecular defects. In fact, PNH serves as
a paragon of success for molecular med-
icine, as a series of elegant translational
studies identified the precise mechanis-
tic basis for many aspects of the disease,
resulting in a remarkably -efficacious
mechanism-based therapy.

PNH occurs as a consequence of
acquired somatic mutations in phosphat-
idylinositol glycan class A (PIGA) (1),
located on the short arm of the X chromo-
some (Xp22.1). PIGA encodes an enzyme
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Paroxysmal nocturnal hemoglobinuria (PNH) is a disorder of hematopoietic
stem cells that has largely been considered a monogenic disorder due to
acquisition of mutations in the gene encoding PIGA, which is required for
glycosylphosphatidylinositol (GPI) anchor biosynthesis. In this issue of the
JCI, Shen et al. discovered that PNH is in fact a complex genetic disorder
orchestrated by many genetic alterations in addition to PIGA mutations.
Some of these mutations predate the acquisition of PIGA mutations,

while others occur later. Surprisingly, this work indicates that PNH has a
clonal evolution and architecture strikingly similar to that of other myeloid
neoplasms, highlighting a potentially broader mechanism of disease

that is critical in the first step of the bio-
synthesis of a class of glycolipid proteins
known as the glycosylphosphatidylinosi-
tol anchor proteins (GPI-APs) (2-4). GPI
modifications function to anchor a num-
ber of membrane proteins to the surface of
hematopoietic cells. Among the GPI-APs
absent from the surface of hematopoi-
etic cells in PNH patients are the comple-
ment inhibitors CD55 and CD59, the loss
of which confer heightened sensitivity of
rbc to complement-induced hemolysis.
Likewise, activation of complement due
toloss of CD55 and CD59 in PNH patients
explains the propensity for thrombosis in
this disorder.

PNH has largely been considered a
monogenic disorder, with many disease
manifestations fully explained by the
presence of mutations in PIGA. However,
there is one critical question regarding
PNH that has yet to be fully explained
despite several decades of research: What
is the mechanistic basis for the clonal stem
cell advantage of PIGA-mutant cells? It is
widely understood that PNH is a clonal
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disease that originates from HSCs, as evi-
denced by the repeated observation that
PNH patients have PIGA mutations in
cells of multiple lineages, including mye-
loid, erythroid, and lymphoid cells, though
an explanation of how mutant stem cells
harboring PIGA mutations sustain clonal
expansion over time has remained elusive.

Deep sequencing reveals
collective mutations in PNH

In this issue, Shen et al. present a com-
prehensive description of the constel-
lation of somatic mutations present in
PNH clones (5). Shen and colleagues per-
formed whole-exome sequencing (WES)
in 12 PNH patients and targeted deep
sequencing in 36 additional patients on
61 genes that are commonly mutated in
myeloid malignancies. Sequencing was
performed on DNA extracted from CD59"
hematopoietic cells (indicative of PNH),
with CD59* cells serving as a premutation
reference. Shen et al. have provided an
extensive report using unbiased sequenc-
ing on a large patient cohort to examine
the genomic landscape of PNH. They
revealed that many mutations, most of
which have not been previously associated
with PNH, occur in tandem with PIGA
mutations. Moreover, Shen et al. found
that these additional mutations arise
either as a sub-clone within the PIGA-mu-
tant cell population or as an initial genetic
event prior to the acquisition of the PIGA
mutation (Figure 1).

One of the key findings by Shen et al. is
the revelation that PNH clones with multi-
ple mutations were present at substantially
higher frequencies than those of clones
with only mutations in PIGA (5). This find-
ing implies that the presence of additional
mutations confers an intrinsic growth
advantage for PIGA-mutant cells. The
clonal dominance in PNH has previously
been speculated to occur due to either an
intrinsic growth advantage of PIGA-mu-
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Figure 1. Clonal architecture and evolution of PNH. PNH arises from an initial mutation in PIGA (orange) or in a different founder gene (green) in HSCs.
Over time, the acquisition of additional cooperating lesions, which can include additional mutations in PIGA (yellow) or other genes (blue) (e.g., TET2,
SUZ12, JAK2, and U2AF1), in addition to the founder mutation, adds complexity to the clonal architecture and confers a growth advantage and subsequent
progression into overt PNH. On rare occasions, PNH clones can transform into myeloid malignancies such as MDS and acute AML, or into AA. Future work
to identify the complement of events responsible for the transformation of PNH into MDS or AML will be enlightening. Moreover, it will be important to
determine whether AA harbors a genetic complexity and clonal architecture similar to that of PNH.

tant cells (the “relative growth advantage
hypothesis”) and/or to cell-extrinsic fac-
tors that might provide a relative growth
advantage for PIGA-mutant cells (the so-
called “immune escape hypothesis”). The
“relative growth advantage hypothesis”
posits that the PIGA mutation alone is
essential, but not sufficient, to cause PNH.
Consistent with this hypothesis, rare PIGA
mutations have been found in a very small
proportion of HSCs in healthy individuals
who do not have PNH. At the same time,
the fact that some PNH patients have been
found to harbor several different PIGA
mutations simultaneously supports the
notion that the presence of PIGA mutations
alone underlies clonal advantage. Given
these discrepancies, several different
Piga-knockout mice have been generated
in attempts to definitively establish the
causal role of PIGA mutations in HSC func-
tion. Detailed analyses of these models
have collectively demonstrated that Piga”"
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HSCs do not have an absolute proliferative
advantage over WT HSCs, supporting the
notion that additional independent factors
are required for the expansion of mutant
clones (6-10). Furthermore, the studies in
Piga-mutant mice support the possibility
that collaborating mutations are required
to drive PNH, similar to mechanisms of
oncogenic transformation. Indeed, some
candidate secondary mutations have been
described, albeit in a very small patient
pool, including mutations in HMG2A,
NRAS, and JAK2, as well as rare cytoge-
netic alterations, all of which lend support
to the requirements for secondary collabo-
rating events in PNH pathogenesis (11-14).

The genetic evidence that an intrinsic
clonal advantage of PNH cells is due to col-
laboration between PIGA mutations and
additional somatic mutations still does not
eliminate the possibility that cell-extrinsic
factors contribute in the clonal dominance
of PNH. The notion of a cell-nonauton-
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omous aspect of PNH clonal dominance
came from the observation that PNH fre-
quently co-occurs with immune-mediated
aplastic anemia (AA), in which hemato-
poiesis is compromised due to suppression
of a proportion of HSCs. In addition to the
absence of CD55and CD59, thelack of GPI-
APs also renders PNH immune cells defi-
cient in a number of cell-surface proteins
that normally mediate immune responses
and activate T cell receptor signaling. The
“immune escape hypothesis” of PNH pos-
its that the lack of immune-mediated rec-
ognition provides PIGA-deficient HSCs
an extrinsic survival advantage, allowing
escape from effector immune cell attack.
Gene expression profiling of GPI-normal
CD34* cells from PNH patients showed
upregulation of genes involved in immune
responses, while expression patterns of
GPI-deficient CD34" cells were remark-
ably similar to those found in healthy
donors. More interestingly, expression of
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proliferation-associated genes was similar
in CD34" HSCs isolated from both normal
and PNH clones (15). Another study eval-
uated CD34" cells from PNH patients that
were purified based on PIGA mutation sta-
tus and revealed that CD59- CD34* (indic-
ative of PNH) clones proliferated normally
ex vivo compared with healthy CD34*
HSCs, while CD59* CD34* clones had pro-
liferation defects (16, 17). Together, these
findings highlight an important role for
cell-extrinsic factors in dictating the clonal
expansion of PNH cells.

In addition to identifying mutations
that co-occur with the loss of PIGA, Shen
et al. also performed clonogenic assays,
bacterial subcloning, and quantitative
mutational analyses to assess the tem-
poral acquisition of mutations in PNH
(5). Intriguingly, in the majority of PNH
patients, additional mutations were pres-
ent prior to acquisition of the PIGA muta-
tion, suggesting either a secondary role
for PIGA mutations in PNH pathogenesis
or that these other mutant clones are pre-
disposed to developing PIGA mutations
and subsequently PNH. Notably, some of
the mutations identified by Shen et al. are
frequently found in patients with myeloid
malignancies such as myelodysplastic
syndromes (MDS) and acute myeloid leu-
kemia (AML). These myeloid malignancy-
associated genes include tet methylcy-
tosine dioxygenase 2 (TET2), zinc finger
SUZ12, transcription factor ASXL1, BCL6
corepressor (BCOR), JAK2, and U2 small
nuclear RNA auxiliary factor 1 (U2AFI).
These findings by Shen et al. reveal that
PNH, a disease considered to be benign,
shares genetic alterations and clonal com-
position similar to those of overtly malig-
nant myeloid leukemias.

Conclusions and future
directions

The observations by Shen and colleagues
raise immediate questions regarding the
functional consequences of these genetic
lesions in hematopoiesis and their impact
on the pathophysiology of PNH (5). For
instance, what are the roles of these co-
occurring mutations in PNH and how do
they influence HSC function and differ-
entiation? While it is unsatisfactory to
hypothesize that these mutations that oth-
erwise drive MDS play a passenger role
in the presence of PIGA mutation, one

can only infer that mutations occurring in
clones with existing PIGA mutations pos-
sess the ability to alter the MDS disease
phenotype. Indeed, most PNH patients
with PIGA mutations and additional muta-
tions in TET2, SUZ12, ASXL1, JAK2, or
U2AFI had no signs of progressing to MDS
or AML. Development of multiple murine
models that harbor the mutations found to
coexist with PIGA mutations will provide
precious reagents to formally demonstrate
the genetic interactions between PIGA
deficiency and the mutations identified by
Shen and colleagues.

Despite the extensive work performed
on PNH, there are still many interesting
questions that remain unanswered. One
key clinical feature in PNH patients is the
defective hematopoietic function of HSCs
without PIGA mutations, a phenomenon
thought to be primarily driven by autoim-
munity, as observed in AA patients. While
it is apparent that extrinsic factors are pre-
dominantly involved in the destruction of
HSCs and the bone marrow microenviron-
ment, one cannot exclude the possibility
that there are cell-intrinsic abnormalities
in HSCs with WT PIGA from PNH patients.
Characterizing the genetic differences
between CD59* and CD59° HSCs from
PNH patients will be a fascinating next step.

Now that we have gained a glimpse and
new insight into the complex genomic land-
scape of PNH, a benign disease that shares
a clonal architecture and disease evolution
similar to that seen in malignant neoplasms,
it will be important to determine whether
a similar mutation acquisition occurs in
related hematological disorders. For exam-
ple, ongoing genome-wide mutation dis-
covery efforts in AA, an autoimmune dis-
ease of the bone marrow in which patients
harbor PNH, will be very informative in this
regard (18). Moreover, a better understand-
ing of the genetic events responsible for the
transformation of PNH into malignant neo-
plasms, including MDS and AML, will hope-
fully continue the legacy of molecular dis-
covery and therapeutic advances in PNH.
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