Small bone marrow adipocytes predict poor
prognosis in acute myeloid leukemia

Being overweight or obese is associated with an
increased risk of developing leukemia and relapse,"’ sug-
gesting that adipose tissue plays an important role in this
disease. It has been demonstrated that adipocytes in the
bone marrow provide a pro-tumoral microenvironment
during the initial stage of leukemia.’ However, these
adipocytes are rapidly reduced with the extensive prolif-
eration of leukemic blasts in the bone marrow. There are
limited reports regarding the regulation of the residual
adipocytes by leukemic cells and their role in disease pro-
gression. Generally, adipocyte morphology may indicate
pathological function in vivo. For example, large
adipocytes occupy the bone marrow cavity in aplastic
anemia and negatively regulate hematopoiesis.’ In the
case of solid tumors, adipocyte size is dramatically
reduced with the progression of cancer cell aggressive-
ness.” We hypothesize that the residual marrow
adipocytes are
regulated to acquire special pathological characteristics in
response to leukemic development.

To explore the morphological characteristics of bone
marrow adipocytes in patients with acute myeloid
leukemia (AML), we retrospectively analyzed the size of
marrow adipocytes in bone marrow sections from 70
patients with primary AML and 70 controls. The median
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ages of the primary AML patients and controls were 55
years (range, 18-82 years) and 52 years (range, 18-86
years), respectively. The gender ratios (male/female) in
these two groups were 32/38 and 37/33, respectively.
Among the 70 AML patients, 32 patients were classified
as belonging to the remission group because they
achieved complete remission after induction chemothera-
py, and 38 patients were classified as the refractory group
according to the criteria of Schmid C.” There were no sig-
nificant differences between these two groups regarding
the patients’ basic characteristics, peripheral blood white
cell count or bone marrow blast percentage (Omnline
Supplementary Table S1). Adipocytes, confirmed by imm-
munhistochemistry to be positive for Perilipin 1 staining,
were fewer and smaller in the bone marrow sections from
AML patients than from the controls (Online
Supplementary Figure S1A). Furthermore, quantitative
analysis showed that both the adipocyte diameter and
adipocyte area in the AML patients were significantly
smaller (average 38.3 um and 560 um® when compared
with those of the controls (average 51.2 um and 1137
um’; P<0.001; Online Supplementary Figure S1B,C).
Subsequently, the linear analysis results showed that nei-
ther adipocyte diameter nor adipocyte area was correlated
with bone marrow blast percentage (P=0.21; P=0.245;
Ouline Supplementary Figure S1D,E), indicating that
adipocyte size change in the AML patients was not
caused by a lack of space due to extensive invasion of
leukemic cells.
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Figure 1. Small adipocytes in the bone marrow of patients with acute myeloid leukemia. (A) Frequency distribution of adipocyte diameter in the controls (n=70)
and AML patients (n=70). The 25" percentile (P25) and the 75" percentile (P75) of adipocyte diameter in the controls were 42.6 um and 56.8 um, respectively.
(B) The proportion of adipocytes with different sizes classified by adipocyte diameter determined by the Mann-Whitney U test in all AML patients (n=70) and
the controls (n=70). **P<0.01. (C and D) Box-plots showing the volume (C) and number (D) of small, medium-sized and large adipocytes in remission (n=32)

and refractory patients (n=38); Mann-Whitney U test. ***P<0.001.
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Figure 2. Impact of small adipocytes on the outcome of patients with acute myeloid leukemia. (A and B) Kaplan-Meier curves of less small adipocytes (small
adipocyte volume <2.3% or small adipocyte number <17.0/mm?) and more small adipocytes (small adipocyte volume >2.3% or small adipocyte number
>17.0/mm?) for the overall survival (OS) of AML patients. P<0.001. (C and D) Kaplan-Meier curves of less small adipocytes (small adipocyte volume <2.5% or
small adipocyte number <9.2/mm?) and more small adipocytes (small adipocyte volume >2.5% or small adipocyte number >9.2/mm?) for the relapse-free sur-
vival (RFS) of AML patients. P<0.001. Optimal cut-off values for less and more small adipocytes in this study were determined by Cox analysis for the OS or RFS
of AML patients dividing the material by the quartiles (Online Supplementary Table S4).

The marrow adipocytes were divided into three sub-
populations based on the values of the 25* and 75* per-
centiles of their diameter or area in the controls.’
Adipocytes with a diameter less than 42.6 um were
regarded as small adipocytes, while those with a diameter
greater than 56.8 pm were defined as large adipocytes.
Adipocytes with an intermediate diameter were regarded
as medium-sized adipocytes (Figure 1A). Only the propor-
tion of small adipocytes was higher in the AML patients
than in the controls (43.9% + 19.3% versus 25% + 8.9%,
respectively; P=0.008) (Figure 1B), whereas neither medi-
um-sized adipocytes nor large adipocytes exhibited signif-
icant differences between these two groups. Similar
results were also obtained using adipocyte area as a dis-
criminatory feature (Online Supplementary Figure S2A,B).
Furthermore, we found that the volume and number of
small adipocytes in the refractory subjects (7.0% and
31.6/mm’) were significantly greater than those in the
remission subjects (2.4% and 9.8/mm’, P<0.001) (Figure
1C,D). However, no differences were found for medium-
sized or large adipocytes between these two groups.
These results led us to analyze the relationship between
small adipocytes and AML patients’ survival.

To determine whether small adipocytes are risk factors
for the survival of AML patients, we used Cox regression
analyses. Univariate Cox regression identified age and the
volume and number of small adipocytes as risk factors for
overall survival and relapse-free survival of AML patients
(Online Supplementary Table S2). However, a multivariate

Cox regression showed that only the volume and number
of small adipocytes were associated with a high risk of
relapse and death in the AML patients (Online
Supplementary Table S3). The cut-off values for Kaplan-
Meier survival analysis were decided to be the quartiles of
the small adipocyte volume and number in Cox analyses,’
and the values that had the highest hazard ratio were used
as the optimal cut-off values (Online Supplementary Table
S4). Patients with more small adipocytes (small adipocyte
volume =2.3% or small adipocyte number =17.0/mm?)
had a shorter overall survival compared with the others
(average overall survival 11.5 months versus 44.1 months,
or 5.9 months versus 33.0 months, respectively, P<0.001)
(Figure 2A,B). Regarding the AML remission subjects,
patients with more small adipocytes (small adipocyte vol-
ume =2.5% or small adipocyte number =9.2/mm?) had a
shorter relapse-free survival compared with the others
(average 13.8 months versus 44.3 months, or 14.0 months
versus 44.1 months, respectively, P<0.001) (Figure 2C,D).
These results suggest that small adipocytes might be a risk
factor for poor prognosis of AML patients.

The possible reasons for the generation of small
adipocytes in AML were explored. Recent studies showed
that adipocytes around tumor cells became small and
involved in tumor metastasis and growth."' We, there-
fore, evaluated the effect of leukemic cells on marrow
adipocytes, as leukemic cells diffuse in the bone marrow
cavity and are in close contact with the marrow
adipocytes. We co-cultured AML cell lines and primary
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Figure 3. Leukemic cells induce the generation of small adipocytes. (A) Bone marrow mesenchymal stem cells-derived adipocytes co-cultured with primary
hematopoietic cells (Ad+HC), the THP-1 cell line (Ad+THP-1), K562 cell line (Ad+K562), HL-60 cell line (Ad+HL-60) and primary AML blasts (Ad+LC) for 5 days.
Adipocytes were detected by Bodipy (green) and Tubulin (red) staining. Nuclei were labeled with DAPI. The Ad+HC group served as the control. Images were
acquired using a maghnification of x60 by confocal microscopy. The scale bar represents 25 um. (B) CCK8 detection of the proliferation of THP-1, K562, HL-60
cell lines and primary AML blasts (LC) cultured with the conditioned medium of small adipocytes (sAd-CM) or the conditioned medium of normal adipocytes (Ad-
CM). Cell lines and LC cultured alone were used as the control. Values shown are the mean + standard error of mean. Statistical differences between the Ad-
CM and control groups and between the sAd-CM and Ad-CM groups were detected by the Mann-Whitney U test. *P<0.05, **P<0.01.

AML blasts with bone marrow stromal cell-derived
adipocytes through a transwell system. According to
Bodipy staining results, the adipocyte lipid-droplets
decreased significantly or were lost (Figure 3A), which
might be consistent with increased lipolytic gene expres-
sion (hormone-sensitive triglyceride lipase, HSL and adi-
pose triglyceride lipase, ATGL) (Online Supplementary
Figure S3B). Meanwhile, the adipocyte sizes were dramat-
ically reduced, as demonstrated by tubulin staining, and
this result was further confirmed through quantitative
analysis using Image-Pro Plus 5.1 (Online Supplementary
Figure S3A). Since leukemic cells could induce the forma-
tion of small adipocytes from large, mature adipocytes
through the co-culture system, it was not possible to test
the effect of large adipocytes on leukemic cell prolifera-
tion. We, therefore, cultured AML cells in the conditioned
medium obtained from mature adipocytes and small
adipocytes. Interestingly, with the reduction of free fatty
acids (FFA) in the culture system (Ounline Supplementary
Figure S3C), the proliferation of AML cells cultured in
small adipocyte conditioned medium was faster than that
from mature adipocyte conditioned medium (Figure 3B-
E). These results suggest that leukemic cells may regulate
the transition of mature adipocytes to small adipocytes,
and in turn, small adipocytes may promote leukemic cell
proliferation. Finally, we retrospectively analyzed the cor-

relation between small adipocyte content (the percentage
of small adipocytes in all adipocytes) and the percentage
of bone marrow blasts. The positive correlation between
them might shed further light on the effect of small
adipocytes on AML cells in vivo (P=0.0048, R=0.33 (Online
Supplementary Figure S3D).

In this study, we found that small adipocytes were
increased in AML patients after comparing the proportion
of adipocytes of different sizes between AML patients and
controls. Interestingly, large and medium-sized
adipocytes were reduced in AML patients; however, these
changes were not statistically significant, indicating that
the increase in small adipocytes might not entirely depend
on the decrease in large and medium-sized adipocytes.
Considering risk factors for AML patients’ survival,
patients’ age was included in our study, as it has been well
established as the strongest patient-related prognostic fac-
tor in AML.?However, we found that it was the volume
and number of small adipocytes, and not age, that were
significantly correlated with the patients’ prognosis
according to multivariable Cox regression analyses. It
may be relevant that there was no difference between the
age of remission cases and refractory cases.

Our results indicate that leukemic cells contributed to
the generation of small adipocytes in vitro. Lipolysis plays
an important role in morphological change of adipocytes,
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which is consistent with a previous report that smaller
adipocyte size was linked to higher metabolic activity.”
Additionally, it has been reported that tumor cells release
inflammatory factors to reduce adipocyte size."* We also
found that growth differentiation factor 15, a member of
the transforming growth factor-beta family, secreted by
leukemic cells may be involved in the generation of small
adipocytes (data not showmn). FFA was released by
adipocytes during lipolysis. It has been reported that FFA
derived from adipocyte lipolysis is transported by FABP4
to AML cells’ In our study, the decreased FFA in the
adipocytes co-cultured with leukemic cells may be attrib-
uted to the transportation of FFA from adipocytes to
leukemic cells, which might promote leukemic cell prolif-
eration. To some extent this would explain the adverse
effects of small adipocytes on the prognosis of patients
with AML.

In summary, we have highlighted the presence of small
bone marrow adipocytes and demonstrate that only these
adipocytes, and not the total adipocytes, are correlated
with a poor prognosis for AML patients. To our knowl-
edge, no other human studies have investigated the corre-
lation between morphological changes of bone marrow
adipocytes and the prognosis of patients with AML. Our
results strongly suggest that small adipocytes in the bone
marrow may serve as an adverse prognostic factor and
provide some evidence to support the concept that dis-
rupting AML-adipocyte interactions could be a targeted
therapeutic approach for AML.
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