1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Exp Hematol. Author manuscript; available in PMC 2019 September 06.

-, HHS Public Access
«

Published in final edited form as:
Exp Hematol. 2017 September ; 53: 43-47. doi:10.1016/j.exphem.2017.05.006.

PRKCH regulates hematopoietic stem cell function and predicts
poor prognosis in acute myeloid leukemia
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Abstract

Acute myeloid leukemia (AML) cells often co-opt normal hematopoietic stem cell (HSC)
programs to drive neoplastic proliferation, and HSC-related gene expression signatures have been
identified as biomarkers for poor prognosis in AML patients. We sought to identify new regulators
of HSCs and AML cells from previously published HSC and leukemia stem cell (LSC) gene
expression signatures. We identified PRKCH (Protein Kinase C eta) as a gene that is highly
expressed in both mouse and human HSCs, as well as in LSCs from independent cohorts of AML
patients. Prkch deletion in mice resulted in impaired HSC function. PRKCH was most highly
expressed in undifferentiated (FAB MO) subtype AML, and high expression correlated with 7P53
and RUNX1 mutations, high risk cytogenetic features, and poor overall survival. Prkch deletion in
a FIt3-1TD/Runx1 mutant mouse AML model did not extend survival. Thus, PRKCH is necessary
for normal HSC function, its expression predicts poor survival in AML patients, but it is not
required for AML to develop.
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Introduction

Hematopoietic stem cells (HSCs) can divide extensively and give rise to undifferentiated
daughter HSCs.! This self-renewal process allows HSCs to maintain their numbers
throughout life and to regenerate the hematopoietic system after transplantation or injury.
Acute myeloid leukemia (AML) cells often ectopically activate HSC-associated genes to
drive neoplastic proliferation.2~* Furthermore, many AMLs are thought to follow a cancer
stem cell model meaning that self-renewal capacity is restricted to subpopulations of
“leukemia stem cells” (LSCs) that give rise to non-self-renewing daughter cells.2: > This
hierarchy loosely resembles normal hematopoiesis, and it contributes to the heterogeneity of
individual leukemias.3 Because HSCs and LSCs both have the capacity to divide extensively
without differentiating, genes that are highly expressed in both HSCs and LSCs may encode
potential drug targets.

2Corresponding author: Correspondence: Department of Pediatrics, Washington University School of Medicine, 660 S. Euclid Ave,
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Several HSC and LSC gene expression signatures have been described in the literature, and
these signatures have prognostic significance in AML patients.2 & 7 Many genes within
these sets have well-characterized functions in HSCs and/or AML cells.? 7 Others have not
been tested for a function in HSCs or AML cells, though they are potentially important. We
therefore sought to identify genes within a published HSC/LSC gene signature, by Eppert et
al. (Ref. 2), that have an unappreciated role in maintaining HSC function and that might be
of prognostic or therapeutic significance in AML patients. Our approach utilized both gene
expression and functional assays to identify candidate genes (Fig. 1A). Based on this
approach, we have identified PRKCH as a novel regulator of HSC function and as a marker
of poor prognosis in AML patients.

Materials and Methods

A complete description of materials and methods is included within the supplementary
materials.

Results and Discussion

Since important HSC regulators are likely to have conserved expression patterns in mouse
and human HSCs, we tested whether genes from the Eppert et al. HSC/LSC gene set are
more highly expressed in mouse HSCs (CD150*CD48™Lineage c-kit*Scal*) as compared
to non-self-renewing granulocyte-monocyte progenitors (GMPs; Lineage™c-kit
*Scal~CD127-CD34*CD16/32*%) and unfractionated bone marrow cells. We focused on 10
genes that have not been previously tested for a role in regulating HSCs or AML cells. As
positive controls, we also analyzed expression of four genes — Mecom, Evil, Soc2and HIf-
that have been previously shown to be highly expressed in mouse HSCs. Of the 14 genes
tested, all but one showed significantly higher expression in HSCs as compared to
unfractionated bone marrow (Supplementary Table S1). Thus, genes within the Eppert et al.
HSC/LSC gene set have well-conserved expression in mouse HSCs.

We chose to further characterize the function of Prkch using loss-of-function mice because
of its high level of expression in mouse HSCs and lineage restricted hematopoietic
progenitors (HPCs; CD48*Lineage c-kit*Scal*) relative to more committed myeloid
progenitors (Fig. 1B), its high expression in human HSCs, multipotent progenitors (MPPs)
and LSCs in a study separate from Eppert et al. (Fig. 1C),% 8 and based on a preliminary
screen that showed progressive depletion of Prkch shRNA-expressing 32D cells
(Supplemental Fig. S1). Prkchencodes Protein Kinase C-eta (PKCn), a serine-threonine
kinase that is necessary for T-cell activation and for regulatory T-cell function.® 10 PKCn
protein was highly expressed in HSCs and HPCs relative to GMPs and unfractionated bone
marrow (Fig. 1D), consistent with transcript levels in these cells. Deletion of exon 2 of the
mouse Prkch gene resulted in a complete loss of PKC) protein expression in the HSC and
HPC cell populations (Fig. 1D). In an unperturbed state, homozygous Prkch deletion had no
effect on HSC numbers, HPC numbers or HSC proliferation (Fig. 1E-G). Furthermore,
peripheral blood counts were not affected by Prkch deletion (Supplemental Fig. S2A-C).
Thus, Prkchis not necessary for HSC maintenance or hematopoiesis under normal
homeostatic conditions.
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We performed competitive transplantation assays to test whether Prkch regulates HSC
function. We transplanted 300,000 wild type or Prkc/'~ adult bone marrow cells (CD45.2%)
along with 300,000 wild type competitor cells (CD45.1%) into lethally irradiated CD45.1
mice (N=19-20 recipients per genotype from 4 independent experiments). Recipients of
Prket!~ bone marrow cells had significantly lower levels of CD45.2 chimerism over a 16
week monitoring period as compared to recipients of wild type bone marrow (Fig. 1H).
Myeloid, B-cell and T-cell lineages were all affected (Fig. 11). Evaluation of recipient bone
marrow at 16 weeks after the transplant showed a significant reduction in Prkc/i’~ HSC
chimerism (Fig. 1J). Secondary transplants showed reduced but persistent chimerism from
Prkch'~ cells (Fig. 1K). Altogether, the data show that Prkch deletion impairs HSC
function, but it does not completely eliminate long-term HSC self-renewal capacity.

We next tested whether PRKCH expression is prognostic for poor survival in human AML
patients, as might be expected given its expression in HSCs, HPCs and LSCs. We evaluated
PRKCH transcript levels in 179 AML specimens from The Cancer Genome Atlas (TCGA)
that had gene expression, mutation profiling and survival data available (Supplementary
Table S2).11 PRKCH expression was significantly elevated in patients with French-
American-British (FAB) subtype MO AML as compared to other subtypes (Fig. 2A),
consistent with the finding that PRKCH is highly expressed in immature hematopoietic
progenitors. Patients with higher than median PRKCH expression had poorer overall
survival than patients with below-median expression (Fig. 2B). To test whether this simply
reflected worse survival of FAB MO patients, we repeated the survival analysis exclusively
for patients with FAB M1/M2 subtype disease. In this restricted patient population, high
PRKCH expression still predicted poor overall survival (Fig. 2C). Of note, PRKCH
expression correlated more strongly with poor prognosis than that other HSC-related genes
that have well-established prognostic significance, including BAALC and MECOM
(Supplemental Fig. $3).12. 13

Our findings suggest that PRKCH expression may correlate with high-risk mutations in
AML. We evaluated the mutation profiles of TCGA patients with either above- or below-
median PRKCH expression. Patients with RUNXZ and 7P53 mutations were highly
enriched within the PRKCH above-median subset (Relative Risks of 14 and 15, respectively;
confidence intervals of 1.9-105 and 2.0-113, respectively; Fig. 2D). These are both high-
risk mutations,14-16 and they account for ~35% of the patients with above-median PRKCH
expression. High PRKCH expression was also associated with high-risk cytogenetic features
such as chromosome 5 or 7q deletions (Relative Risk of 2.5, 1.4-4.6 95% Confidence
Interval; Fig. 2E). However, when we restricted the survival analysis to patients with
intermediate risk cytogenetic profiles, above-median PRKCH expression still predicted poor
overall survival (Fig. 2F).

The association of high PRKCH expression with RUNXZ and 7P53 mutations, and its
association with poor overall survival, raised the question of whether PRKCH contributes to
myeloid leukemogenesis. We generated RunxI-deficient leukemias in mice with cooperating
NrasG120 or Flt3-Internal Tandem Duplication (FIt3'TP) mutations.1”: 18 These mutations
have been found in found in approximately 10% and 16—20% of patients with RunxZ mutant
AML, respectively.1> 16 To generate AML we transplanted Ubc-CreER; NrasC12P: Runx17f
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and Ubc-CreER; FIt3'TP; Runx1™ bone marrow cells into lethally irradiated mice and
administered tamoxifen 6 weeks after the transplants to delete RunxI. Recipient mice
developed AML between 1 and 3 months after tamoxifen treatment, and all tested AML
specimens expressed PKCn (Fig. 2G) To test whether Prkch is necessary for these
leukemias to form, we generated and transplanted bone marrow cells from age-matched
Ubc-CreER;: FIt3'TP: Runx1™; Prkch*”* control and Ubc-CreER; FIt3'TP: Runx1™: Prkch
I~ mice. Surprisingly, Prkch deletion led to a small but significant acceleration of death due
to AML in this model rather than impeding disease progression (Fig. 2H). There were no
differences in the morphologies or surface marker phenotypes of Prkch** and Prkct!~
AML specimens (Supplementary Fig. S4). Limiting dilution assays did not reveal consistent
Prkchdependent differences in LSC frequencies (Supplementary Table S4). Western blot
analyses did not reveal reproducible, Prkci-dependent differences in STAT5, MAPK, STAT3
or PI3K signal transduction (Supplementary Fig. S5A), and we did not identify consistent
differences in gene expression between Prkch™* and Prkct'~ leukemias by RNA-
sequencing (data not shown). Compensatory changes in expression of Protein Kinase C
family members were not observed (Supplementary Fig. S5B, C).

Altogether, our data show that PRKCH is highly expressed in HSCs, and it is necessary for
optimal HSC function. High PRKCH expression is associated with high risk mutation
profiles in AML patients, but it is not required for AML formation, at least not on a

FIt3'0: Runx14/4 genetic background. High PRKCH expression may therefore reflect a
more primitive cell of origin for AML bearing RUNX1 and TP53 mutations, independent of
a requisite function for PKCn in these leukemias.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Prkch ishighly expressed in HSCs and promotes HSC function.
(A) Overview of screen to identify novel regulators of HSC function and myeloid

leukemogenesis based on a HSC/LSC gene set from Eppert et al. (Ref. 2). (B) Prkch
expression in mouse HSCs, HPCs and GMPs relative to unfractionated bone marrow as
determined by gRT-PCR (n=4). (C) PRKCH expression in human HSCs, MPPs, myeloid
progenitors and LSCs in a microarray analysis described by Seita et al. (Ref. 8). (D) PKCn
protein expression in mouse HSCs, HPCs, GMPs and bone marrow. (E, F) HSC and HPC
numbers in two hind limbs (tibia + femur) from 8-10 week old Prkch*”* or Prkch-/- mice
(n=5-6). (G) Cell cycle distribution of HSCs isolated from 8-10 week old Prkch** or Prkch
=/~ mice (n=4-5). (H) Long term repopulating assays showing CD45.2 peripheral leukocyte
chimerism in recipients of Prkch*’* or Prkch™'~ bone marrow cells (n=19-20 recipients, 4
independent experiments). (1) Peripheral myeloid (CD11b*Gr1™*), B-cell (B220%*) and T-cell
(CD3™) donor chimerism at 16 weeks after transplantation (n=19-20). (G) CD45.2
chimerism of unfractionated bone marrow cells and HSCs at 16 weeks after the primary
transplant (n=17-19). (K) CD45.2 peripheral leukocyte chimerism in secondary recipients of
Prkch™* or Prkch™'~ bone marrow cells (n=19-20). For all panels, error bars indicate
standard deviations. For panels B and E-K, p-values were calculated by the two-tailed
Student’s t-test; *p<0.05, **p<0.01, ***p<0.001. For panel C, p-values were calculated by
one-way ANOVA with the Holm-Sidak post-hoc test for multiple comparisons; ###
p<0.0001 for human HSCs and MPPs relative to CMP, GMP and MEP, ## p<0.01 for LSCs
relative to CMP, GMP and MEP.
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Figure 2. PRKCH expression predicts poor prognosisin AML, but it isnot necessary for
leukemogenesis.

(A) PRKCH expression in FAB subtypes MO0 through M5 in the TCGA (Ref. 10). FPKM
values were compared among all six subtypes by one-way ANOVA with the Holm-Sidak
post-hoc test for multiple comparisons. ### p<0.0001 for AML MO relative to all other
subtypes. (B) Kaplan-Meier survival curves showing overall survival of TCGA patients with
PRKCH expression above or below the median. (C) Kaplan-Meier curve showing overall
survival of TCGA patients with M1 or M2 subtype AML. (D) RUNXZ and 7P53 mutations
are enriched in TCGA patients with above-median PRKCH expression (pink) as compared
to patients with below-median expression (blue). P-values are shown in the panel and were
calculated by the Fisher’s exact test. (E) Patients with high risk cytogenetic features are
enriched within the above-median PRKCH expression group, as calculated by the Fisher’s
exact test. (F) Kaplan-Meier curve showing overall survival of TCGA patients with above-
and below-median PRKCH expression and intermediate risk cytogenetics. (G) Western blot
showing PKC expression in mouse AML with cooperating Nras®?2C/Runx1 or FIt3'T0/
Runx mutations. (H) Kaplan-Meier survival curves of mice transplanted with Ubc-CreER;
FIt3'0: Runx1™; Prkch®* or Ubc-CreER; FIt3'T0: Runx1™': Prkct'~ bone marrow cells.
Survival is shown as days after Cre-ER-mediated Runx deletion. For all survival curves, p-
values are shown in the panels and were calculated by the log-rank test.
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